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Chapter 1
Introduction
1.1 The physical environment inside the living cell
The cell (from the Latin cella, meaning small room) is the basic unit of life. A major
goal in chemistry is to understand how a complex chemical system like the cell can give
rise to emerging phenomena such as self-replication, homeostasis and evolution. What
are the physicochemical requirements for chemical systems to acquire these properties
associated with living systems? Efforts to construct synthetic cellular analogues can
potentially shed some light on these questions. However, the cell is incomparable to
the round-bottom flasks used in conventional synthetic organic chemistry (Figure 1.1).
Chemists often allow reactions to proceed to equilibrium to obtain maximum yield
and subsequently isolate the desired products. Living cells, however, are open systems
and operate far-from-equilibrium, as equilibrium is equivalent to cell death in many
cases. Cells are in constant flux and reactions take place simultaneously, no intervening
purification steps are undertaken. The complex networks of reactions that occur in
living systems allow cells to circumvent the second law of thermodynamics by achieving
a constant flux of energy through chemical uptake, metabolism, excretion and the
formation of dissipative structures.1
In synthetic chemistry, one usually mixes and continuously stirs a limited number
of reagents to form the desired product. If this product is an intermediate, it is
subsequently purified to be used in the next reaction. This process is repeated until
the desired final product is obtained. The cell functions in a completely different way.
The cytosol consists of numerous components that are not actively mixed and can
diffuse only slowly. Furthermore, reactions do not occur in isolation, all processes take
place simultaneously. To a synthetic chemist this is a very foreign way of performing
chemistry, as one would except such a ‘dirty’ mixture to give rise to numerous undesired
2 Introduction
Figure 1.1: The biological cell is an extremely heterogeneous, demixed environment which
bears little resemblance to the round-bottom flask of conventional synthetic organic chemistry.
© David Goodsell 1999.
reactions. Life however, has evolved to effectively perform all these reactions in one,
unstirred pot.
This one-pot approach of cells has several implications. Firstly, cells are restricted
in their size because they do not actively mix their constituents but rely on passive
diffusion to get molecules from A to B. Secondly, the lack of active mixing allows for
the formation of microenvironments and concentration gradients of molecules. The
inherent inhomogeneity of cells that this gives rise to can lead to reaction-diffusion
processes if diffusion and reaction times are of similar order of magnitude. The bac-
terial Min-system, which is involved in the placement of the division site in E. coli, is
an example of a cytosolic system that relies heavily on reaction-diffusion processes.2,3
We have established that the living cell performs chemistry in a completely different
way than traditional synthetic chemists. But there is another important difference
between the roundbottom flask and the cytosol of living cells.
1.2 Macromolecular crowding
A striking characteristic of living cells is the fact that their interior solution, called
the cytosol, is extremely crowded with macromolecules. In Eschericha coli, 20-30%
of the volume is occupied by macromolecules, which equates to 300-400 g/L con-
centrations. These macromolecules are approximately one-third RNA and two-thirds
protein.4 In eukaryotes, both the cytosol and mitochondrial lumen were determined
to be extremely crowded as well.5,6 The artist impression of an E. coli cell in Figure
1.1 clearly illustrates the crowded nature of the cell, consisting of a crowded cytosol
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(purple phase) and the condensed DNA phase of the nucleoid (yellow phase). This
crowded aspect of biological solutions present in all living cells has been known for a
long time but has received relatively little attention. This is quite surprising consid-
ering the large effects this phenomenon can have on the thermodynamic and kinetic
behavior of macromolecules in living cells.7
These extreme conditions are very different from the dilute solutions used in con-
ventional biochemical assays in vitro. Biochemical and biophysical studies usually
involve studying purified macromolecules in isolation and in dilute solution to exclude
interference of the background with the specific measurement being performed. This
approach, however, has several drawbacks. The most important one is the fact that a
system studied in isolation is by default a system studied in a non-native environment.
Although specific attributes of a molecule of interest can be identified that would nor-
mally be obscured by background ’noise’, it is important to simultaneously note that,
in its native physical environment, this attribute of the molecule might be severely
attenuated or not exist at all. Such concerns are especially valid for the phenomenon
of macromolecular crowding, as it is an aspect of the physical environment of the cy-
tosol present in all living cells. This mean that most, if not all of the chemistry that
is performed by living systems is performed in a crowded environment. As we will see
in the following paragraphs, the theoretical implications of macromolecular crowding
for cellular chemistry are significant.
Why is the crowded phenomenon called macromolecular crowding? This is be-
cause it is predominantly an effect of macromolecules acting on other macromolecules.
This has several implications. One of these is that the thermodynamic activity of
macromolecules is greatly increased, as the effective concentration of a macromolecule
in crowded systems is far removed from its concentration at ideal solution condi-
tions. In Figure 1.2, this is clearly illustrated. In both cases a single molecule is
introduced in identical bulk volumes (the square). However, due to the excluded vol-
ume regions around the background macromolecules, the effective concentration of the
macromolecule in situation B is orders of magnitude higher than the concentration of
the small particle in situation A. For haemoglobin, the effective concentration at 200
g/L and 300 g/L is increased 10-fold and 100-fold respectively compared to the actual
concentration.8
Macromolecular crowding can help stabilize the folded states of proteins, as fully
folded proteins generally occupy less volume than their unfolded states.9,10 The same
reasoning, however, would apply to aggregation processes of unfolded proteins and ex-
cluded volume effects can theoretically indeed have profound effects on aggregation.11
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Figure 1.2: Both volumes A and B are crowded with macromolecules. In the case of A, a
small spherical particle is able to probe a large part of the volume. The center of spherical
macromolecule B, however, can only probe very little of the available volume as it is excluded
by the other macromolecules. The spherical regions around the background macromolecules
that cannot be occupied by the center of the probe macromolecules are called the excluded
volume. Figure reproduced from Minton (2001).
Protein stability in crowded environments has been widely studied and both stabilizing,121314
destabilizing,1516 and mixed effects17–19 have been found. The net effect of macromolec-
ular crowding on protein stability is still under debate and an area of active research.
The depletion forces that result from a crowded environment will be discussed in
further detail in paragraph 1.2.2.
1.2.1 Diffusion
Diffusion is a key aspect of cellular chemistry, as it is the only means of chemical
transport in many cellular systems. In this paragraph the focus will be on translational
diffusion (change in the position of particles over time) rather than on rotational
diffusion (the change in the orientation of particles over time). In a crowded system,
translational diffusion is logically inhibited severely by the presence of large amounts
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Figure 1.3: A Diffusion can be normal or anomalous (superdiffusion or subdiffusion).
B Diffussion coefficients of molecules of different sizes in solutions with different crowder
(Ficoll 70) concentrations. Adapted from Dix & Verkman 2008. C Diffussion of GFP
monomer (left) and dimer (right) in the cytoplasm of Chinese Hamster Ovary (CHO) cells
shows subdiffusion on longer length scales, but normal diffusion at short distances. Adapted
from Di Rienzo et al. 2014.
of macromolecules. We can distinguish two forms of diffusion: normal and anomalous
diffusion.20 Diffusion is defined as normal when the MSD (mean-square displacement)
of a solute is linear in time. Under such conditions, diffusion is mainly dependent on the
size and shape of the solute. However, when the size of a solute is smaller than the size
of the solvent, the solution no longer can be seen as a continuous hydrodynamic fluid.
As 20-30% of the cytosolic volume is occupied by macromolecules, the cytosol cannot
be viewed as a hydrodynamic fluid. In addition, the presence of fibrous networks (such
as cytoskeletal elements) and other obstacles (such as organelles) also cause anomalous
diffusion. Anomalous diffusion can be differentiated into superdiffusion (faster than
normal diffusion) and subdiffusion (slower than normal diffusion).
The diffusion of cellular components, from small solutes to large macromolecules,
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has been studied extensively in vivo. Generally, both crowding by macromolecules
and confinement of solutes by cytoskeletal networks and organelles yield subdiffusion
of solutes.21 Moreover, mean square displacement of cytosolic particles was found to
grow less than linear in time in the crowded cytosol, with the degree of anomality
correlating to the shape and size of the particle and the total protein concentration.22
Recently however, unobstructed Brownian motion of GFP in vivo at small length
scales was reported by fluorescence fluctuation analysis (Figure 1.3C),23 while over
larger distances GFP indeed shows subdiffusion. This illustrates that the structured
cytosolic environment of eukaryotes can have varying effects on diffusion. Notably, a
eukaryotic unicellular organism called A. castellanii effectively induces superdiffusion
of its constituents, not only by conventional active transport by cytoskeletal elements,
but also by cell locomotion.24
1.2.2 Depletion force and macromolecular associations
The depletion interaction was first described by Asakura and Oosawa in two seminal
papers in 1954 and 1958.25,26 They predicted an entropic force between two large
spherical particles (hereafter named ’probes’) in a solution of smaller spheres (hereafter
named ’depletent’). This force is generated by an anisotropic osmotic pressure acting
upon the two probes because the depletent is excluded from the excluded volume
region around the probes, as is illustrated in Figure 1.4.27 The excluded volume, VE,
is calculated using equation 1.2.1.
VE =
π(2R + 2r)3
6 (1.2.1)
Where R and r are the radii of the probe and depletent respectively. When the
excluded volume regions of two probe particles overlap, meaning the distance h of two
probe particles is h < (D+ d)/2, the total excluded volume of the two probe particles
is reduced. This overlap volume, Voverlap, is twice the volume of a spherical cap and is
described by equation 1.2.2.28
Voverlap =
2π
3
(
R + r − h2
)2 (
2R + 2r + h2
)
(1.2.2)
We can now formulate an equation for the volume in which macromolecules can
freely move, Q, which corresponds to the total volume of the solution,V , subtracted by
the volume that cannot be occupied by the centers of particles due to steric hindrance
1.2 Macromolecular crowding 7
Figure 1.4: The depletion interaction arises from the overlap of excluded volume regions
of spherical probe particles (orange). The depletion force arises from an isotropic osmotic
pressure resulting from exclusion of depletent (purple) from the interstitial volume between
two probes. Figure adapted from Marenduzzo et al. 2006.
by other particles:26
Q =
V − VE if h ≥ 2R + 2rV − V ′E if h ≤ 2R + 2r (1.2.3)
Which equals:
Q =

V − 4π3
[(
(2R+2r)
2
)3
+ (2R + 2r)2h− h312
]
if 2R ≤ h ≤ 2R + 2r
V − 4π3
(
(2R+2r)
2
)3
if 2R + 2r ≤ h
(1.2.4)
Equation 1.2.4 illustrates the two different configurations of the system: Either a
depletent molecule can move freely between the two probe particles or it is excluded
from the interstitial space. When it is excluded, the osmotic pressure of depletent on
the outside of the two probe particles is larger than the pressure on the area facing
the interstitial space, causing a net attractive force between the probe particles that
8 Introduction
increases linearly with the concentration of depletent molecules. The free energy of
the depletion interactions is given by
∆Gdep = kTN
δlnQ
δh
(1.2.5)
where k denotes the Boltzmann constant, T is temperature in Kelvin and N is the
number of depletent particles. For spherical particles, the geometric treatment of
equation 1.2.4 results in a simplified form. Assuming rigid spheres with no interactions
other than the sterical one described above, the depletion force simplifies to the osmotic
pressure, p0, of the solution (using the ideal gas law) acting upon the area, S, of the
circular cross section of the lens-shaped overlapping volume at 12h.
∆Gdep = −p0S (1.2.6)
The area on which this anisotropic additional osmotic pressure is acting is given
by
S =

π
4 [(2R + 2r)
2 − h2] if 2R ≤ h ≤ 2R + 2r
0 if 2R + 2r ≤ h
(1.2.7)
Using volume fractions of depletent, ϕ = π6 r
2N
V
, the depletion force upon contact
of two probe spheres (h = 0) is given by
∆Gdep = −
(
1 + 3R2r
)
ϕkT (1.2.8)
Cellular processes rely heavily on the interactions of macromolecules. A lot of active
enzymes are multiprotein complexes, such as polymerases, the ribosome and G-protein
coupled receptors, where multiple subunits have to assemble to form the active com-
plex. Such complexes are stabilized by non-covalent interactions but can theoretically
also be stabilized by the crowded conditions of the environment. In densely crowded
environments, the configurational freedom of particles is low and a reduction of the
total occupied volume will result in a significant increase in configurational freedom
of the particles in the environment and thus a decrease in the total free energy of the
system.9,29 This entropic force that results from macromolecular crowding results in
strongly increased association constants and can potentially stabilize compact confor-
mations of macromolecules and complexes, as is illustrated in Figure 1.5.30
So theoretically, macromolecular crowding should have a large effect on binding
equilibria and therefore reaction kinetics in cells. However, reactions can be diffusion-
1.3 Cell-free gene expression 9
Figure 1.5: Excluded volume is reduced by the folding of a protein (A) or the association of
two monomers to form a dimer (b). This excluded volume reduction increases configurational
entropy of the other macromolecules in the crowded environment and thereby decreases the
total free energy of the system. Figure adapted from Minton 2005.
limited, which means that they proceed slower in a crowded environment.31,32 Reac-
tions that involve macromolecular association and that are transition state limited the-
oretically proceed faster in a crowded environment. However, in very strongly crowded
environments, such reactions can become diffusion limited and slow down.9 Interest-
ingly, during reaction processes, such conditions can give rise to inhomogeneities from
a previously homogeneous mixture, as reactants and products rediffuse through the
volume only slowly.33
RNA and protein synthesis are key reaction processes in all living organisms. As
these processes rely heavily on macromolecular interactions, crowding is assumed to
have a large impact on the binding equilibria and rates of these reactions. The next
paragraph will cover transcription and translation in a cell-free setting.
1.3 Cell-free gene expression
One of the central processes in living cells is the transcription of DNA sequences
into RNA and subsequent translation of these messengers into functional proteins.
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Figure 1.6: The central dogma of molecular biology. The ’traditional model’ is represented
by the orange arrows, which indicate the processes of DNA replication, transcription and
translation. Eventually this model was extended to include reverse transcription (RNA-
>DNA) and RNA replication (RNA->RNA).
This reaction cascade is part of the ’central dogma of molecular biology’.34 Figure 1.6
illustrates the central dogma in a schematic.
The translation of genetic information to protein molecules that can perform spe-
cific functions is an attribute shared by all living organisms. Venter and coworkers
have even shown that by transplantation of an entire chromosome, the bacterium
Mycoplasm capricolum could be transformed into Mycoplasm mycoides.35 These stud-
ies illustrate that the chromosomal DNA holds all the information necessary for a
complete transformation of the bacterium.
Expression of a gene starts with transcription. In this process, an enzyme called
RNA polymerase is responsible for reading the four letter DNA sequence (A-T-C-G)
and copying it to a four letter RNA sequence (A-U-C-G). This RNA molecule is called
the messenger RNA, or mRNA. This mRNA contains a sequence that recruits the
ribosome, a large RNA-protein complex responsible for the synthesis of polypeptides.
The ribosome that translates the mRNA sequence into an amino acid sequence. The
mRNA code is read in triplets (called codons), with three nucleobases coding for a
single amino acid residue (for example, AUG encodes for the amino acid methionine).
The mRNA sequence is translated by the ribosome until it encounters a stop codon.
The ribosome then releases from the RNA molecule and the full polypeptide chain
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is released. This peptide then has to fold into a well-defined structure to form a
functional protein.
The processes of transcription and translation are very efficient and occur at very
high speeds. For example, E. coli RNA polymerase copies the DNA sequence at a
speed of roughly 60 nucleotides per second while ribosomes produce peptides at a rate
of 20 amino acids per second.36 Not only is mRNA and protein produced at a very high
rate, multiple ribosomes can bind a single mRNA molecule and synthesize peptides
simultaneously, allowing for an exponential response in protein production. These
factors make it possible for organisms to adapt to changing environmental conditions
very quickly, as they are able to rearrange and change their protein repertoire in a
short amount of time.
In vivo studies of transcription and translation suffer from the fact that processes
cannot be studied in isolation. Living cells try to maintain homeostasis through the
use of complex reaction networks. When a small perturbation is applied during an
experiment, a cell will yield a complex response where the specifics are hard to eluci-
date. To this end, the cell-free in vitro approach offers exquisite control and allows for
the development of systems that would not be possible to develop in vivo.37 To study
gene expression in vitro, crude cell extracts, called lysates, can be prepared containing
all macromolecular components required for in vitro transcription/translation, here-
after called IVTT. The most popular sources for these cell lysates are E. coli cells,
wheat germ and rabbit reticulocytes.38 In the case of E. coli IVTT, transcription re-
quires only the DNA dependent RNA polymerase holoenzyme, transcription factor,
nucleotide triphosphates, a DNA template containing the relevant promotor sequence
and a buffered environment containing sufficient magnesium ions.39 The process of
translation in prokaryotes is more intricate, requiring an mRNA molecule encoding
for the protein that is then bound by the ribosome and other proteins such as initiation
and elongation factors. Subsequently, tRNA’s complementary to the mRNA codons
position the amino acids that will be linked by peptide bonds and eventually form
the polypeptide. While E. coli IVTT systems are relatively inexpensive, offer high
yields and easy tunability,40 they are limited in their ability to support expression of
eukaryotic proteins requiring extensive posttranslational modification.41
IVTT is an interesting reaction cascade to study in crowded environments, as
transcription and translation are central to the functioning of all living organisms and
involve a lot of macromolecular complexes. For example, the binding of a T7 viral
polymerase to a promotor sequence of a plasmid requires two large macromolecules
to come together. Theoretically, the dissociation constants of such macromolecular
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interactions should be significantly lower in a crowded environment compared to di-
lute solution. For an elaborate introduction on IVTT and crowding please see the
introduction to Chapter 2.
1.4 Origin of life and coacervates
The origin of life question is a major scientific topic which is the subject of active
research. In the past, many different theories have been postulated for the origin of
life and this has resulted in wildly different scientific approaches to the problem. As
the biological cell is the basic unit of all living organisms, postulated minimal cellu-
lar systems, called protocells, are usually based on characteristics of cells conserved
throughout the phylogenetic tree of life. These include, among others, compartmen-
talization, metabolism and replication.42 The introduction to Chapter 5 contains a
thorough introduction on protocells and their components and functionalities.
Research into the construction of minimal cells can be divided roughly into top-
down and bottom-up approaches. The top-down approach focuses on the successive
simplification of living cells to assemble a minimal cell, while the bottom up approach
focuses on constructing a protocell from relatively simple chemical species. An example
of top-down research is the effort to establish a ‘minimal genome’, a minimal set of
genes to yield a functional living organism.43–45
Bottom-up protocell models for the origin of cellular life focus mainly on membrane-
compartmentalized systems, based on lipid vesicles.46–48 Such systems have been shown
to be able to exhibit a range of interesting characteristics, from vesicle growth and
replication49 to functional gene expression inside the vesicle lumen.50 However, macro-
molecular crowding of the cellular interior, a trait shared by all living cells, is not
included in these model systems. The total concentration of macromolecules in the
cytosol of, for example, E. coli cells is in excess of 300 g/L.4 Whether this crowded
cellular interior is a result of cellular evolution or played a role in the emergence of
cellular life is unclear. This is an interesting problem, as getting from a relatively
dilute ’primordial soup’ to a concentrated phase seems quite implausible. However,
Oparin’s theory of coacervate droplets as a protocell model51 is of interest here, as
liquid-liquid phase separation in polymer solutions can lead to dense, crowded poly-
mer droplets that could have functioned as primordial compartments. Coacervation
provides a plausible mechanism for forming concentrated, dense liquid droplets from
a dilute solution. As such compartments are formed by phase separation of polyion
mixtures, an amphiphilic membrane boundary is not required for compartmentaliza-
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tion. Colloidal systems of liquid droplets make for an interesting protocell model and
have been studied quite widely.52
1.4.1 Liquid colloidal systems
Colloidal systems consist of particles of sizes between the size of molecules and micro-
scopic objects, evenly dispersed in a medium. Colloidal systems are all around us in
everyday life, from the milk we drink to the ink some of us still use to write letters with.
In a liquid colloidal system, two phases can be distinguished: the dispersed phase (the
particles) and the continuous phase (the solvent). Two different kinds of colloids can
be distinguished in such systems: lyophobic and lyophilic colloids. Lyophobic colloids
have a low solvent affinity, requiring a lot of energy to stay evenly dispersed in solu-
tion. These colloidal systems are called irreversible, since fluctuations in temperature,
pH, ionic strength etc. often cause these colloids to form macroscopic solid aggregates
that precipitate out of solution, a process called flocculation.53
Lyophilic colloids however, have high solvent affinity and can form strongly solvated
liquid-like aggregates by liquid-liquid phase separation. Because full miscibility is
possible under the right conditions, these colloids are often called reversible. The
dense liquid phase containing the majority of macromolecules, which is formed upon
liquid-liquid phase separation of lyophilic colloids, is called a coacervate,54 although
some sources call the whole dispersion solution a coacervate.51 In this thesis the former
definition is adopted. Figure 1.7 shows coacervates on the nanometer and macroscopic
scale.
The immiscibility of gelatin and starch was discovered by Beijerinck, who was the
first to describe an example of liquid-liquid phase separation.57 The Dutch chemist
Bungenberg de Jong was one of the first to extensively study this phenomenon and
named the dense colloid droplets coacervates, derived from the Latin co and acervus,
which can roughly be translated to ‘to heap together’,58,59 which relates to macro-
molecules being localized in concentrated liquid droplets. Coacervation can be sub-
divided into simple and complex coacervation, both are forms of liquid-liquid phase
separation, but based on very different chemical principles.
1.4.2 Simple coacervation
Although definitions are up for interpretation and indeed vary widely, we will define
simple coacervation as liquid-liquid phase separation of macromolecules, such as PEG,
based mostly on hydrophobic interactions.60 Simple coacervation can be triggered by
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A B
Figure 1.7: A TEM micrograph of oligolysine-ATP complex coacervate.55 The image
shows the uniform electron density contrast of the coacervate phase, suggesting a fluid phase
rather than a solid aggregate. B Concentrated complex coacervate of whey protein/gum
arabic trickling from a spoon.56
a number of factors, including temperature, addition of a non-solvent, raising the
ionic strength or adding an incompatible polymer. In the case of addition of salt,
raising the ionic strength of the solution, phase separation is achieved by ‘salting
out’ the hydrophobic polymer. Salt species generally obey the Hofmeister series61 in
terms of their relative propensities for phase separation.62 One explanation for the
phase separation of PEG is the formation of a low-density water phase,63 where the
enthalpy gain of hydrogen bonding between water and PEG and water expulsion from
hydrophobic methylene groups compensates for the entropy loss of forming a low
density water phase. This would explain the observation of the upper, lower density
phase being PEG-rich, even though PEG has a higher density than water.
To lower the critical salt concentration for phase separation, a second polymer of
smaller hydrophobicity is often added, being more strongly hydrated and partitioning
to the lower, high density water phase. The two polymers are called incompatible when
immiscibility arises under certain circumstances and an aqueous two phase system is
formed. A commonly studied coacervate system of this nature is PEG/dextran, where
upon phase separation a PEG-rich and dextran-rich phase can be distinguished, either
one being able to form spherical droplets (coacervates) in solution. Such coacervate
systems are widely used as mild separation media for biological applications, relying
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Figure 1.8: Coacervates are cell-like compartments. (A and B) Process of coacervation
in shrinking droplets showing the concentrations of PEG (A) and DyLight 550-stained cell
lysate (B) by false-color fluorescence microscopy. (Scale bars: 20 μm.) The labels indicate
time (h:mm). (C and D) Zoomed images of the nucleation the coacervate for PEG (C)
and cell lysate (D). (Scale bars: 10 μm.) (E) Phase diagram of cell-free expression kit in
droplets as a function of ionic strength and temperature. The open symbols represent single-
phase droplets, and the closed symbols represent phase-separated droplets. Figure adapted
from Sokolova et al. 2013.65
on differential partitioning of biomolecules between the two phases.64
Simple coacervates have received relatively little attention as a protocell model.
This is surprising, as these phase separated systems allow for selective partitioning
of components, which means these protocells can selectively sequester or exclude
molecules.66,67 The PEG/dextran aqueous two phase system (ATPS) has been in-
vestigated most thoroughly, as it is a relatively simple system of two hydrophilic
incompatible polymers. These systems often show strong coalescence of coacervate
droplets, although stable dispersions can be maintained by encapsulating the solution
in small volumes,68 using microfluidics to generate droplet dispersions69 or add small
liposomes to form a Pickering emulsion.70 These systems have been shown to sup-
port very efficient RNA catalysis,71, sequestration of inorganic particles72 and in vitro
transcription/translation.73
16 Introduction
Polyethylene glycol (PEG) can also form a biphasic system in the presence of
kosmotropic salts.62 Sokolova et al. studied IVTT in such a system using droplet mi-
crofluidics and discovered that components of the transcription/translation machin-
ery partition strongly into the PEG-rich crowded droplet when salt concentrations
are increased by osmotic shrinkage, as is illustrated in Figure 1.8.65 The binding of
polymerase-RNA binding was strongly increased by the crowded environment and the
rate constant was also increased substantially. In conclusion, not only did preferential
partitioning of the components have a concentration effect that increased the efficiency
of the reaction, but the crowded environment itself yielded increased binding and rates
through depletion forces.
1.4.3 Complex coacervation
Complex coacervates can be defined as complexes of oppositely charged macromolecules
which phase separate from the original dispersion by liquid-liquid phase separation,
yielding a dense phase containing both macromolecules and hydration water.74 A com-
plex coacervate of poly(acrylic acid) and poly(allylamine hydrochloride) is pictured in
Figure 1.9. Phase separation by this mechanism is sometimes also termed associa-
tive phase separation.75 Entropy is increased by the release of counterions from the
polyelectrolytes during complexation.75 The contribution of this counterion release to
the total entropy of the system is larger in low ionic strength solutions than in high
ionic strength solutions. This is reflected in the fact that complex coacervates tend to
redissolve at high salt concentrations. At very low salt concentrations however, a low
ionic strength can give rise to a large Debye length. When this parameter approaches
the size of the macromolecule, it would screen not only the repulsive, but also the
attractive interactions between polyelectrolytes.76 The result is a suppression of com-
plex coacervate formation at low salt concentrations. The entropy effect of couterion
release is also logically much larger for long polymers or macromolecules compared to
shorter molecules, as was confirmed for the complexation of siRNA and DNA with sev-
eral different polycations, where short oligomers yielded unstable complexes.77 Not all
associative phase separation leads to the formation of complex coacervates, as macro-
scopic, solid aggregates often form during these processes. Whether a given solution of
oppositely charged macromolecules will form complex coacervates or solid aggregates
has proven hard to predict, although strong polyelectrolytes were found to almost
exclusively form solid aggregates.56
Like in simple coacervation, ionic strength is an important parameter for complex
coacervation. However, in contrast to simple coacervation, complex coacervation is
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Figure 1.9: Complex coacervates of 50/50 mol% poly(acrylic acid)/poly(allylamine hy-
drochloride) at pH 6.5 in the presence of 700 mM NaCl. A shows the dispersed colloidal
suspension, B shows the coalesced macroscopic phase after centrifugation. Figure adapted
from Perry et al. 2014.78
driven mostly on electrostatic interactions rather than hydrophobic interactions. A
major difference between simple and complex coacervates is that at high salt concen-
trations, simple coacervation in favored by salting out macromolecules while complex
coacervation can be inhibited by loss of entropy gain upon release of counterions dur-
ing coacervation. This means that complex coacervates are stable at low ionic strength
conditions, while simple coacervates are more stable under high ionic strength condi-
tions.
Complex coacervates have interesting properties, as it is a viscoelastic liquid phase.79
This means that it is both viscous (has a much higher resistance to tensile stress than
water) and elastic (it will have a tendency to return to its original size and shape after
a deforming stress is removed). The viscosity of complex coacervates is caused by the
transient binding of oppositely charged groups of the polyions.80
The main protocell model of complex coacervates has long been the gum ara-
bic/gelatin system, which was extensively studied by both Bungenberg de Jong and
Oparin. Gum arabic being a negatively charged polysaccharide and gelatin being a
positively charged protein at neutral pH values, these two polymers will phase sepa-
rate, under certain conditions, into dense, liquid structures enriched in both polymer
species. Complex coacervates resemble the interior of living cells in a number of ways:
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both are significantly crowded, are able to incorporate functional folded proteins and
can maintain salt concentrations different from the surrounding medium.81,82 Complex
coacervates were recognized as a promising protocell model, as the combination of two
compounds of opposite charge can yield a colloidal suspension of particles resembling
living cells in many ways.51,83,84 However, complex coacervates went out of favor be-
cause focus shifted to the RNA world hypothesis,85 which was formulated shortly after
the discovery of catalytically active RNA molecules, called ribozymes.86,87 Moreover,
no convincing mechanism was postulated for complex coacervate growth and division
and so the field was largely abandoned in favor of protocell models using RNA and
vesicular structures.47,48
Currently, complex coacervates have regained popularity as a protocell model after
it was shown that simple, small nucleotide and peptide polyions such as NTP’s and
oligolysine can form quite stable complex coacervates.55 Further studies have shown
these coacervates are able to sustain enzymatic pathways,88 selective partitioning and
photodegradation,89 and morphogenesis.90
1.5 Aim of this research
All living cells have an interior solution (cytosol) that is extremely crowded with
macromolecules. The implications of this phenomenon (called macromolecular crowd-
ing) for cellular chemistry are still relatively unclear. The aim of this thesis is to study
the depletion forces that result from this crowded environment experimentally and to
study the effects of crowding on arguably the most important process in living cells:
gene expression through transcription and translation. Experimentally, macromolec-
ular crowding has been simulated using inert, hydrophilic polymers. The aim of this
research is to study the effects of macromolecular crowding in model systems that are
more faithful to the physicochemical conditions inside living cells. To this end we use
E. coli lysate and other proteins to study macromolecular crowding in solutions of
biopolymers, rather than synthetic compounds.
In addition, it is unclear whether this crowded aspect of life is a result of evolution,
or was already present at the origin of life. This research uses complex coacervates
as a model system to study simplified crowded protocells. Many structural studies
have been done on complex coacervates, but relatively little attention has been paid
to introducing dynamics into these systems. Key attributes of living systems, such
as growth, division, structural reconfiguration and locomotion require the system to
be out of equilibrium. This research intends to use oscillations and the dissipative
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characteristics of cytoskeletal elements to introduce dynamics into complex coacervate
protocells.
These project all have a common goal: to discover the effects of macromolecu-
lar crowding on cellular chemistry and to explore possible ways these effects can be
exploited by living systems to perform effective chemistry, induce the formation of
structure and exert force.
1.6 Outline of this thesis
Macromolecular crowding is present in the cytosol of all living cells and can theoret-
ically have a significant impact on diffusion, macromolecular reactions, binding equi-
libria and macromolecular conformations. As the main reactions of the central dogma,
transcription and translation, both take place in the cytosol in bacteria, Chapter 2
focuses on the study of the effects of macromolecular crowding on these reactions. For
this study, an in vitro transcription/translation platform was developed that allows for
the systematic study of the effects of crowding on these reactions. We subsequently
followed transcription and translation by fluorescence to compare different crowded
environments.
Studies on macromolecular crowding have often found conflicting results in com-
parable experiments. Therefore, there is a definite need for a sensitive, simple system
with which to assess the depletion forces present in different crowded media. Chapter
3 utilizes a FRET probe to determine the net depletion interactions present in differ-
ent crowded media in vitro. This chapter emphasizes the need to determine whether
synthetic crowding agents can faithfully simulate the cytosolic environment. Chap-
ter 3 emphasizes that both repulsive and attractive interactions have to be taken into
account when studying macromolecular interactions in crowded environments and pro-
vides the beginning of a theoretical framework for these interactions.
In many living cells, liquid-liquid phase separations are observed. This spontaneous
demixing can form colloidal liquid droplets with specific functions, called membraneless
organelles. These liquid droplets provide crowded microenvironments that support
diverse functions, often related to RNA processing. These structures strongly resemble
complex coacervates. In Chapter 4, we aim to mimic the dissolution and formation
of liquid droplets as observed in C. elegans for P-granules. We couple a rationally
designed complex coacervate system to an oscillating network to use oscillations of
active enzyme to tune phase separations in the combined solution. This represents a
first step towards introducing dynamic behavior in complex coacervates.
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The construction of a living, artificial cell is a major scientific challenge. Although
research on protocells has mainly focused on vesicular structures, complex coacervates
have regained attention as an alternative protocell model. Growth and division of
vesicle protocells has been established in previous studies, but the controlled division
of complex coacervates has not been achieved. Chapter 5 focuses on the structure
formation of a bacterial cytoskeletal element in complex coacervates. As cytoskeletal
elements are heavily involved in morphological changes and cell division in vivo, we
studied if complex coacervates could be similarly manipulated by these structures.
Indeed, we find that complex coacervate protocells can be heavily deformed and even
fragmented by the bacterial cytoskeletal element FtsZ.
Chapter 6 brings the conclusions of the foregoing chapters into a broader per-
spective and provides an outlook for exciting future work.
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Chapter 2
Macromolecular crowding and
cell-free gene expression
In this chapter we study in vitro transcription and translation (IVTT) reactions in dif-
ferent crowded environments. In order to study the effects of macromolecular crowding
on the reactions of the central dogma, we prepare an in-house IVTT protocol without
the addition of synthetic polymers such as PEG-8000. Furthermore, a freeze-dried E.
coli lysate is prepared as a cytosolic analog, to study crowding in vitro in an envi-
ronment that resembles the cytosol as closely as possible. We observe only a small
effect of macromolecular crowding on transcription termination. Furthermore, high
concentrations of synthetic crowding agents (200 g/L) strongly reduce the rate and
yield of cell-free gene expression. BSA and lysate, however, are able to support IVTT
at rates rivalling those in dilute solution. Although specific effects of crowding agents
on IVTT are hard to deconvolute, there is a clear discrepancy between synthetic and
biopolymer crowding agents. As IVTT is a very complex reaction cascade, a simpler
system or read-out is needed to precisely determine the depletion forces that arise
from these different crowded environments.
The lysate and IVTT methodology described in this chapter were published in:
M. M. Hansen, L.H.H. Meijer, E. Spruijt, R.J.M. Maas, M. Ventosa Rosquelles, J.
Groen, H.A. Heus andW.T.S. Huck. “Macromolecular crowding creates heterogeneous
environments of gene expression in picolitre droplets”. In: Nature nanotechnology 11.2
(2016), pp. 191– 197.
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2.1 Introduction
The expression and purification of recombinant proteins has made a significant contri-
bution to medicine, biotechnology and fundamental science. A number of important
discoveries have made it possible to design peptides, synthesize DNA constructs and
engineer organisms to synthesize these peptides. One major advancement was the dis-
covery of the polymerase chain reactions (PCR), a technique which greatly improved
the ease and speed of synthesizing new DNA molecules.1 Another great step forward
was the discovery of green fluorescent protein (GFP),2,3 a protein of ~27 kDa that
contains a fluorophore that does not need additional factors to produce strong fluo-
rescence. Derivatives of this protein have been developed to cover the entire visible
spectrum.4–6 By constructing fusion proteins of a fluorescent protein and a protein of
interest, these constructs can be studied in vivo and in real time using microscopy
techniques to study the behavior of the protein of interest.
Eduard Buchner discovered the fermentation of sugars by a cell-free yeast extract in
1897.7 This was a major discovery in the field of biochemistry: the unique and efficient
chemistries that living cells are able to sustain can still be performed by ’dead’ extracts
of these organisms. Early studies such as Buckner’s eventually lead to the realization
that the in vitro reconstitution of the transcription and translation machinery of living
cells was feasible and early studies focused on the uptake of radiolabeled amino acids
into proteins synthesized in cell-free extracts.8,9
Protocols for the production of functional protein in vitro are mostly based on
cell extracts of Escherichia coli, a Gram-negative bacterium. E. coli extracts have
many advantages over extracts of other organisms such as wheat germ embryos10,11
and rabbit reticulocytes.12 Extracts based on E. coli are cheaper to produce, fast and
efficient to manufacture, support the generation of extracts containing recombinant
proteins and allow for the production of high yields of functional protein.13,14 These
cell-free gene expression systems not only have promising industrial applications but
are essential tools to study the processes of transcription and translation in vitro.
In a cell-free experiment, manipulation of reaction conditions is much more straight-
forward than it would be for in vivo studies. In addition, biochemical parameters
that are inaccessible in vivo can be easily manipulated in vitro.15 Moreover, gene ex-
pression can be studied in a complex system that resembles in vivo conditions (e.g.
using a crude cell lysate without dialysis)16 or in systems containing only the mini-
mal amount of reagents to achieve successful transcription and translation (as is the
case with the PURE system).17 The versatility and tunability of these in vitro systems
makes them ideal for the systematic study of cellular processes, as control experiments
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can be performed to deconvolute complex responses and determine specific molecu-
lar mechanisms. This is strongly illustrated by a recent study, where transcription
and translation are uncoupled to study mRNA inactivation and the authors were able
to determine the cause of this inactivation.18 Experiments such as these are easily
performed in in vitro systems, but practically impossible in vivo.
2.1.1 Fluorescence detection of transcription and translation
There are several methods for detecting mRNA and protein produced by transcription
and translation, including gel electrophoresis,14 chromatography,19 radiolabeling20 and
fluorescence. Measuring the production of mRNA and protein by fluorescence has a
significant advantage over other methods, as expression can be followed in real time and
requires no additional sample manipulation. By producing a fast-folding fluorescent
protein such as eGFP,6 protein expression can be detected with high sensitivity in real
time, which is essential when studying translation kinetics.21,22 RNA can be detected
in real time using intercalating dyes such as Ribogreen,23 aptamer sequences that bind
fluorophores such as the spinach aptamer24,25 and molecular beacons.26
Figure 2.1: Fluorescence detection of IVTT products. mRNA is detected by a molecular
beacon with a complimentary probe sequence (A). The expression of a fluorescent protein
such as GFP (B) allows real time detection of protein expression.
Molecular beacons are short oligonucleotides that form hairpin secondary struc-
tures. These hairpins bring a fluorophore and quencher, attached to the 3’ and 5’ end
of the oligonucleotide, in close vicinity causing FRET and therefore quenching of the
fluorescence. In the presence of an mRNA molecule with a sequence complimentary to
the molecular beacon, hybridization of the beacon and mRNA will force the quencher
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and fluorophore apart. Previous work has shown that these oligonucleotides can be
used to detect mRNA molecules in real time.22,27,28
2.1.2 Macromolecular crowding
As transcription and translation require binding events of large macromolecules (DNA,
mRNA, ribosomes, polymerase etc.), macromolecular crowding should have a large
effect on these reactions. Theoretically, the crowded environment generates large de-
pletion forces that push macromolecules together and strongly push binding equilibria
to the bound conformation, which occupies less volume. Previous experimental stud-
ies have found conflicting results, some reporting an enhancement of transcription
but a decrease in translation,22,29 while others report an enhancement of translation
in crowded conditions,30 although these results were later disputed.31 All these stud-
ies were performed using synthetic, uncharged polymers such as polyethylene glycol
(PEG), dextran and Ficoll. A systematic study of the effects of macromolecular crowd-
ing on IVTT using protein-based crowding agents is currently lacking.
2.1.3 Crowding agents
Crowding agents are used to occupy volume and simulate the crowded environment
of the cytosol experimentally. Synthetic, hydrophilic, uncharged polymers, such as
dextran, Ficoll and PEG (Figure 2.1), can be dissolved to high concentrations and
are attractive crowding agents because they are easy to handle and relatively inert.
However, it has been noted that such depletents are significantly different from the cy-
tosolic crowded background in which transcription and translation take place in vivo.32
It is therefore questionable whether studying biochemical reactions such as IVTT in
solutions containing high concentrations of these synthetic molecules faithfully mimics
in vivo conditions. If this is not the case, studying a reaction in high concentrations of
e.g. Ficoll will not be relevant for the study of macromolecular crowding in the living
cell. Some studies have used biopolymers, including proteins such as BSA, to inves-
tigate excluded volume effects.33,34 However, a detailed study of IVTT in biopolymer
crowding agents has not been performed so far. Here, we study the IVTT reaction in
the presence of synthetic crowding agents. Subsequently, we study IVTT in biopoly-
mer crowding agents such as bovine serum albumin (BSA), ovomucoid (a glycosylated
egg white protein) and E. coli lysate.
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Figure 2.2: Commonly used synthetic crowding agents are Dextran, Ficoll and polyethylene
glycol (PEG).
2.1.4 The cytosolic environment
In E. coli, both transcription and translation occur in the cytosol. The cytosol is
an extremely complex solution, containing thousands of different molecular species
in different concentrations. Furthermore, the environment contains ~150-250 g/L of
protein and 75-150 g/L RNA, meaning it is highly crowded with macromolecules.35
The processes of transcription involves multiple macromolecular interactions, such as
the binding of RNAP’s to promoter sequences, the release of RNAP’s from DNA upon
encountering a terminator sequence and the binding of ribosomes to mRNA molecules.
Changes in the binding constants of these interactions can have a significant impact
on reaction rates, as was demonstrated by Sokolova et al. (2013).22
In addition to depletion forces, crowded conditions can lead to a severe reduc-
tion of diffusion constants of macromolecules (see section 1.2.2). As transcription
requires only a polymerase and DNA molecule to bind, as long as one of these is in
excess the reaction will not be limited by the diffusion of macromolecules. This means
that strongly decreased diffusion by crowding will have little effect on the transcrip-
tion reaction, as diffusion of small molecules, such as NTP, is much less affected by
crowded conditions.36 However, translation requires the recruitment of a large num-
ber of macromolecules, such as ribosomes, mRNA, initiation factors, tRNA’s etc. As
mRNA is produced in situ and thus not present in great excess (especially at the
start of the reaction), translation can potentially become limited by diffusion. Indeed,
IVTT reactions show the formation of heterogeneous microenvironments that do not
disperse by diffusion, even at moderate concentrations of Ficoll 70.37
It is very difficult to capture the complexity of the physical environment of the
cell in an experiment, while still allowing for systematic study where effects can be
attributed solely to the crowded aspect of the environment. This problem has per-
sisted for a long time in the study of macromolecular crowding.32 Some NMR studies
34 Macromolecular crowding and cell-free gene expression
have used reconstituted E. coli lysate to study the effects of crowding on protein
stability.34,38 These studies indicate that protein-based crowding agents destabilize
proteins, while synthetic crowding agents stabilize folds. They hypothesize that asso-
ciative interactions between their probe molecule and crowding agent cause destabi-
lization, while synthetic crowders have a lower propensity for associative interactions.
In this study, we aim to perform IVTT in different crowded environments, from syn-
thetic crowders to protein crowders to concentrated E. coli lysate, to simulate the
cytosolic environment as closely as possible. We aim to determine whether crowding
agents based on biopolymers simulate the cytosolic environment more faithfully than
synthetic crowding agents.
2.2 Experimental details
2.2.1 S30 lyate preparation
Broth:
- 16 g tryptone
- 10 g yeast extract
- 5 g Nacl
Dissolve in 850 ml water and autoclave.
10x 2YPTG salts (enough for 5 L of broth):
- 15.18 g NaH2PO4 • H2O
- 39.16 g Na2HPO4 • 2 H2O
Dissolve in 450 ml water, titrate to pH 7.0 (final volume of 500 ml) and autoclave.
2M glucose:
Dissolve 18.02 g glucose in 50 ml MQ. Filter-sterilize (0.22 µm).
20% sucrose solution
Dissolve 10 g sucrose in 50 ml MQ and filter-sterilize (0.22 µm).
Dialysis buffer (10 mM Tris, 60 mM K glut, 14 mMMg glut2, 1 mM DTT):
- 1.212 g Tris base
- 12.20 g potassium glutamate
- 5.44 g magnesium glutamate
Dissolve in 1L MQ and titrate to pH 8.2. Autoclave. Before use, add 0.154 g DTT
and mix well.
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Lysate preparation protocol
Starter culture:
Prepare a starter culture of BL21 (DE3) or Rosetta2 in 2YT broth overnight at 30ºC
or room temperature.
Culture:
Add 100 ml 10x 2YTPG salts and 50 ml 2M glucose to the autoclaved broth. Inoculate
1L of medium with 2 ml of starter culture and incubate on shaker (230-250 rpm) at
37 degrees. Check OD600 and grow culture until OD600 of around 1.8 and collect. For
IPTG induction of T7, don’t add glucose to the medium (add 50 ml MQ instead)
and induce at OD600 of 0.7-0.8 with 500 µl of 1M IPTG . Grow cells for 2 hours after
induction and collect. Collect cells by centrifugation (5500 rpm, 10 min, 4ºC, JA10).
Periplasmic protein removal by cold osmotic shock:
- Thoroughly dissolve pellets in ice-cold 20% sucrose solution (~16 ml of sucrose solu-
tion / full JA10 vial) and incubate on ice for 10 min. Transfer resuspended cells to a
weighed JA20 container.
- Collect cells (6800 rpm, 10 min, 4ºC, JA20). Add 4x pellet weight in volume of
ice-cold MQ (e.g. 8 ml MQ for 2 g pellet) and resuspend. Immediately spin down cells
(6800 rpm, 10 min, 4ºC, JA20).
- Resuspend cells in 4x vol. of ice-cold MQ and incubate on ice for 10 min. Spin
down cells (6800 rpm, 10 min, 4ºC, JA20). The supernatant contains the periplasmic
proteins.
- Resuspend spheroplasts carefully in 1.5x vol. of ice-cold MQ and spin down (6800
rpm, 10 min, 4ºC, JA20). Repeat. Cells are easily lysed at this point so resuspend
carefully.
Store spheroplast pellet overnight in -80ºC freezer.
Lysis:
Resuspend pellet in 0.8x vol. ice-cold MQ. Lyse by 10 cycles of the following:
- 10s sonication at 10 µm amplitude followed by 30s on ice.
- Collect cellular debris by centrifugation (15700 rpm, 30 min, 4ºC, JA20).
- Collect supernatant and spin down residual debris and DNA (15700 rpm, 30 min,
4ºC, JA20).
- Collect supernatant.
- Dialyze 45 min. against 50% dialysis buffer followed by 3x 45 min dialysis against
100% dialysis buffer.
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Lysis:
The protein concentration of the lysate was determined using microplates in a Tecan
Infinite M200 plate reader. A BCA assay was used on a triplicate dilution series of
the lysate.39
2.2.2 Crude undialyzed lysate preparation
A crude undialyzed lysate, optimized for ease of manufacture and high yield, is made
by following the protocol in paragraph 2.2.1 with BL21 (DE3) cells. During culture
growth, the cells are subjected to the IPTG induction step to induce T7 polymerase
production. Instead of dialysis, the lysate is immediately aliquoted and snap-frozen
in liquid nitrogen after lysis. Aliquots are stored at -80ºC.
2.2.3 Freeze-dried lysate preparation
The lysate preparation protocol is based on a number of literature protocols.15,40–42 E.
coli Rosetta2 cells were grown in LB until late-exponential phase (~OD 2.0). Cells were
collected by centrifugation (5000 g, 10 min, 4ºC). Pellets were resuspended in 6 ml of
spheroplasting solution (20% sucrose, 1 mM EDTA and 1 mg/ml lysozyme) per gram of
pellet and incubated on ice for 5 minutes. The volume was doubled with ice-cold MiliQ
followed by gentle mixing and incubation for another 5 minutes. Spheroplasts were
collected by centrifugation (12000 g, 10 min, 4ºC). Spheroplasts were lysed on ice by 10
rounds of 10 seconds ultrasonication with 30 second pauses. Cell debris was spun down
(30000 x g, 30 min, 4ºC), supernatant (lysate) was recovered and centrifuged another
30 minutes. The membrane fraction was removed by ultracentrifugation (138000 x g,
1h, 4ºC), after which the supernatant was carefully recovered. Lysate was dialyzed
overnight against MiliQ in dialysis tubing (3.5 kDa cutoff) with two changes of dialysis
solution. Lysate was collected and lyophilized in small aliquots. Freeze-dried lysate
was stored at -80 ºC. After reconstitution of the lysate in IVTT mix, a small aliquot
was used to determine total protein concentrations by a BCA assay as described in
section 2.2.1.
2.2.4 Preparation of IVTT reaction
IVTT reactions were prepared on ice as mastermixes and aliquoted to obtain reactions
of 50 µl each.
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Protocol for IVTT (50 µl reaction volume):
- 2.5 µl of 1M HEPES pH 8.0 (50 mM final concentration)
- 3.5 µl of 1M potassium glutamate (90 mM final concentration)
- 2.58 µl of 200 mM magnesium glutamate (15 mM final concentration)
- 5 µl of 100 mM amino acid mix (10 mM final concentration)
- 5 µl of 200 mM 3-PGA (20 mM final concentration)
- 3.33 µl of 10x basis mix (0.5 mM cyclic adenosine monophosphate (cAMP), 0.22 mM
nicotinamide adenine dinucleotide (NAD), 0.17 mM coenzyme A, 0.045 mM folinic
acid and 0.13 mg ml−1 transfer ribonucleic acid (tRNA) final concentrations)
- 0.33 µl of 100 mM spermidine (0.66 mM final concentration)
- 0.5 µl of 100 mM UTP (1 mM final concentration)
- 0.5 µl of 100 mM CTP (1 mM final concentration)
- 0.5 µl of 100 mM ATP (1 mM final concentration)
- 1.5 µl of 100 mM GTP (3 mM final concentration)
- 16.66 µl of S30 lysate (~9 mg/ml protein final concentration)
- 1 µl of T7 RNAP stock solution
A spare volume of 4.92 µl was available for the addition of crowding agent, plasmid,
IPTG, molecular beacon etc. MQ was added to obtain a final volume of 50 µl. During
master mix preparation, components were added in the order listed above and mixed
carefully by pipetting. When high concentrations of crowding agents were required,
the final IVTT mix was centrifuged (4000 x g, 45 min, 4ºC) on solid crowding agent
until a homogeneous sample was acquired. All IVTT mixes were centrifuged to treat
all samples identically.
2.2.5 Preparation of IVT reaction
Protocol for IVT (50 µl reaction volume):
- 5 µl of 0.4 M Tris-HCl pH 8.1 (40 mM final concentration)
- 2.5 µl of 100 mM DTT (5 mM final concentration)
- 2 µl of 25 mM spermidine (1 mM final concentration)
- 6.3 µl of 200 mM magnesium glutamate (25.2 mM final concentration)
- 3 µl of 1 M potassium glutamate (60 mM final concentration)
- 2 µl of 100 mM UTP (2 mM final concentration)
- 2 µl of 100 mM ATP (2 mM final concentration)
- 2 µl of 100 mM CTP (2 mM final concentration)
- 2 µl of 100 mM GTP (2 mM final concentration)
38 Macromolecular crowding and cell-free gene expression
- 1 µl of T7 RNAP stock solution
- 2.5 µl of Thermo Fischer SUPERase In RNase Inhibitor
A spare volume of 19.7 µl is available for the addition of template and crowding agent.
After addition of the crowding agent, 0.5 µl of 200 ng/µl PCR product or plasmid was
added. The reaction was mixed by pipetting and the reaction was run at 37ºC. The
molecular beacon, with a sequence complimentary to the mRNA of pRSET5d-GFPHis,
had the following sequence: 5’-(Alexa 647)-GCGCAAAUAAAUUUAAGGGUAAGCGC-
(Iowa Black Quencher)-3’. This oligonucleotide was composed of 2’-O-methylribonucleotides.22
Molecular beacon experiments were run on a Tecan Infinite M200 plate reader, ex-
citation was set at λex= 630 nm, emission was read at λem = 667 nm with gain =
120.
For analysis by gel elctrophoresis, the IVT reaction was run for 2 hours. The
template was digested by the addition 1 µl RNase-free DNase I and incubation of the
sample for 15 minutes. 50 mM EDTA was added to quench the reaction and samples
were analysed by denaturing RNA agarose gel electrophoresis.
2.2.6 DNA templates
The GFP-His plasmid pRSET5d-GFPHis was a gift from Kirsten Blank (Radboud
Universty). A plasmid for expression of deGFP (a fast folding variant) was con-
structed by insertion of UTR1-eGFP-Del6-229 from pBEST-OR2-OR1-UTR1-eGFP-
Del6-229-T500 (gift from Vincent Noireaux and Jonghyeon Shin, University of Min-
nesota, Minneapolis, MN) in pRSET5d. Linear constructs were constructed by PCR
of pRSET5d-GFPHis with a forward primer upstream of the promoter and a reverse
primer either up- or downstream from the terminator.
2.2.7 Denatured RNA gel electrophoresis
To make the denaturing agarose gel, 1 g of agarose was dissolved in 72 ml hot MQ
and cooled to ~60ºC. 10 ml 10x MOPS running buffer (0.4 M MOPS pH 7.0, 0.1
M sodium acetate and 0.01 M EDTA) and 18 ml 37% formaldehyde solution were
added and the gel was cast. RNA samples were mixed with 3x volume of Thermo
Fischer NorthernMax formaldehyde loading dye and heated to 70ºC for 5 minutes.
Gels were run at 100V until bromophenol blue migrated 75% of the gel. The gel was
incubated in Thermo Fischer SYBR Gold nucleic acid gel stain for 30 minutes. Gels
were subsequently imaged on a Bio-Rad Gel Doc 2000. Intensities of RNA bands were
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analyzed using Fiji software. Band intensities were corrected for the molecular weights
of terminated and run-off products.
2.2.8 IVTT fluorescence measurements
IVT or IVTT reactions (50 µl volumes) were pipetted on a 96-well plate and incubated
and measured on a Tecan Infinite M200 plate reader at 30ºC. For molecular beacon
measurements, excitation was set at λex= 630 nm, emission was read at λem = 667 nm
with gain = 120. To measure GFP-His, λex= 395 nm and λem = 509 nm. Measuring
deGFP, λex= 488 nm and λem = 520 nm. Measurements were taken every 10 minutes.
2.3 Results and Discussion
2.3.1 Protocol development
To study transcription and translation in a crowded environment, E. coli extracts
(hereafter called lysates) need to meet a few criteria:
• they need to yield reproducible results in gene expression, both in yield and in
rate.
• they need to be good cytosolic analogs, so crude extracts are in order to obtain
the full macromolecular compliment of the cytosol.
• the periplasmic proteins, which are non-native to the cytosol, need to be removed
from the crude extract.
• Any commonly used synthetic macromolecular additives, such as PEG, need to
be removed.
The IVTT protocol used prior to this work contained 2 vol% PEG-8000,22 a common
addition in IVTT reactions which greatly enhances transcription yields. To study
specific crowded environments, a protocol is required that can achieve cell-free gene
expression without the use of artificial crowding agents. Moreover, preparations of
crude lysate typically also contain material from the periplasmic space. This fraction
needs to be removed, as the periplasm can constitute up to 40% of the cell volume of
gram-negative bacteria such as E. coli,43 and contains high concentrations of nucleases
and phosphatases and is a completely different environment from the cytosol.44,45 We
remove the periplasmic fraction by using a protocol to generate spheroplasts before
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lysis of the cells. Spheroplasts are intact cells which have had most of their cell wall
removed. We adopted a spheroplasting protocol which does not use lysozyme,46 as
it is a non-native, cationic protein that could potentially interfere with cell-free gene
expression.
To study transcription and translation processes, we developed a lysate preparation
protocol with the following important steps (see 2.2.1):
• At OD600 of 0.6-0.8, an induction of T7 RNAP expression by addition of IPTG to
BL21(DE3) cells can be used to obtain a lysate that does not require additional
T7 polymerase for expression.
• Growth of culture to the late exponential phase, to achieve both an optimal yield
and activity.
• Using an osmotic shock protocol to obtain spheroplasts and remove the periplas-
mic fraction.
• Lysis by mild ultrasonication.
• After extensive centrifugation to remove cellular debris, extensive dialysis in
buffer helps with the reproducibility of expression among different lysate batches.
This protocol for lysate preparation proved to be reproducible in yield and activity and
rarely resulted in non-functional lysate. The starting point for development of our in-
house IVTT protocol was the work by Noireaux and colleagues.15,41 We decided to use
the viral RNA polymerase T7 polymerase, as it requires no sigma factors for promoter
binding and is very robust. We utilize 3-phosphoglyceric acid (3-PGA), a high energy
intermediate in glycolysis, as an energy regeneration system to regenerate ATP during
the reaction. After some iterations, the final protocol (see 2.2.4) produces significant
amounts fluorescent protein (2-3 µM) and can express this protein over several hours,
as is shown in Figure 2.3A. Even though this protocol is successful at generating active
lysate capable of producing micromolar amounts of protein, different batches of lysate
can have slightly different expression kinetics and yields.
A faster and less laborious protocol, which involves IPTG induction during culture
growth and no dialysis of the lysate, was also developed (see 2.2.2). This protocol is
optimized for high yield protein expression and requires no additional T7 polymerase,
because T7 expression was induced during lysate preparation and is therefore present
in the lysate. Figure 2.3B shows the expression op deGFP (a truncated version of
eGFP described previsouly)42 and eGFP from different plasmids in a crude, undia-
lyzed lysate. In duplicate experiments, results of undialyzed lysates varied widely and
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Figure 2.3: A Expression of deGFP from 8.72 ng/µl pRSET5d-deGFP template, which
was used in a previous study.22 After 3 hours a final yield of ~2.5 µM fluorescent protein is
achieved. The addition of 12 mM maltose was reported to have a significant positive effect
on protein expression,47 but this protocol shows no significant increase in yield. Error bars
denote standard deviations. B Expression of 5 ng/μl pRSET5d-deGFP and pET25(b)-eGFP
template. Undialyzed lysates provide poor reproducibility of expression profiles but very high
yields, reaching 10 μM. In both graphs, a blank (no plasmid) was subtracted from the signals.
both rate of expression and final yields fluctuated greatly. This makes these lysates
unsuitable for systematic study of transcription/translation. However, as final pro-
tein yields in these IVTT reactions are very high and lysate preparation requires less
effort, these lysates are very useful for the expression and purification of proteins for
downstream use.
2.3.2 IVT in crowded environments
We studied the in vitro transcription reaction using a molecular beacon complementary
to the mRNA sequence, in a similar manner as in a previous study.22 In an IVT reaction
mix (section 2.2.5), the beacon showed a reproducible expression curve (Figure 2.4A).
We tested two salt concentrations, as the binding of T7 RNAP to promoter se-
quences is reported to be very sensitive to salt concentrations.19 Although the KM of
T7 binding to a promoter sequence is reported to increase approximately two-fold from
50 to a 175 mM potassium glutamate, we see no significant effect of the increased salt
concentration on the maximum rate or yield of mRNA produced in this experiment.
Although the molecular beacon is suitable for the detection of mRNA molecules
in dilute solution, the addition of crowding agents caused a gradual increase of the
background signal. At concentrations of crowding agents, synthetic or biopolymer
based, near the physiological range (100-300 g/L), the molecular beacon failed to pro-
vide reproducible expression curves, as is shown in Figure 2.4B. Although protein
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Figure 2.4: A Transcription of 5 ng/ul pRSET5d-GFPHis followed by molecular beacon
(Alex 647) fluorescence. B Molecular beacon measurements and GFP-His expression from
5 ng/ul pRSET5d-GFPHis in the presence of 100 g/L PVP. A blank (no plasmid) was
subtracted from the signals. Error bars denote standard deviations.
expression is significant and reproducible, the mRNA signal from molecular beacon
hybridization is very high even at the start of the reaction. The molecular beacon
appears to open significantly, even in the absence of plasmid, and shows erratic and
irreproducible curves. A subsequent effort to detect mRNA during transcription in a
crowded environment using the intercalating dye Ribogreen failed (data not shown),
as the background signal was very high in biopolymer crowding agents. Moreover, the
large background signal of ribosomal RNA in lysate also prevented accurate determi-
nations of mRNA production.
Transcription of DNA to mRNA in prokaryotes can be terminated by so-called
rho-independent terminator sequences. These elements contain complementary CG-
rich regions, which once transcribed can form a hairpin in the mRNA. The causes
stalling of the RNAP. After this CG-rich element a stretch of adenine residues cause
the mRNA to only be connected to the leading DNA strand by a stretch of weak U-
A basepairs. The combination of polymerase stalling and weak interactions between
DNA and mRNA subsequently cause release of the RNAP and mRNA and thereby
terminate transcription (Figure 2.5B). Termination efficiency varies greatly, depending
on e.g. salt concentrations and terminator sequence.48 Incorrect termination on linear
templates results in so-called run-off transcripts, where the RNAP transcribes the
DNA to the end. Reinitiation of transcription by T7 RNAP was reported to be
severy reduced by incorrect termination,49 which suggests that effective termination
is essential for efficient multi-round transcription. Using linear templates with and
without the T7 terminator (using identical forward primer but reverse primers before
and after the terminator) in the presence of high concentrations of T7 RNAP, we
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Figure 2.5: A IVT reaction of PCR product templates with and without a terminator
element. Linear template concentrations are 7 µM. A blank (no plasmid) was subtracted
from the signals. Error bars denote standard deviations. B Transcription termination by a
rho-independent terminator. C Denaturing gel electrophoresis of transcription products of
IVT reaction in different concentrations of PEG-8000. D Transcription efficiency calculated
from band intensities of gel in 2.6C.
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observed no significant effect of the presence of a terminator element on the rate or
yield of mRNA production (Figure 2.5A). Only under conditions limited in T7 RNAP
will T7 reinitiation become an important factor in transcription rate and yield.
Theoretically, termination should be less efficient in a crowded environment, as
depletion forces will strengthen the RNAP-mRNA interaction and thereby prevent
polymerase release. We tested transcription termination using PCR templates. Tran-
scription of this PCR product of pRSET5d-GFPHis of 2158 bp can result in either
a terminated product of 873 bases or a run-off product of 1793 bases. We studied
transcription in the presence of different concentrations of PEG-8000, as PEG of this
molecular weight yields much larger depletion forces than e.g. Ficoll 70 or BSA at
identical volume fractions. In the absence of crowding agent ~60% of the produced
mRNA is correctly terminated, which matches values described in literature.50 Upon
the addition of 100 g/L PEG-8000, termination efficiency is not affected to a significant
degree (Figure 2.5C-D). Above 100 g/L, transcription in the presence of PEG-8000
is completely inhibited. Attempts to isolate mRNA molecules from IVT reactions in
BSA or E. coli lysate failed to produce quantitative yields and termination efficiency
could not be accurately assessed in these samples.
A possible explanation for the fact that rho-independent termination appears to
be relatively robust under crowded conditions is the fact that this termination process
relies on the formation of secondary structure in mRNA molecule. In a crowded
environment, the formation of secondary structures in RNA is strongly promoted and
these folds are stabilized.51,52 Therefore, crowding can push mRNA and DNA together
while simultaneously promoting the formation of the hairpin structure responsible
for termination. These opposite effects can explain the observed limited effect of
macromolecular crowding on in vitro termination efficiency.
2.3.3 IVTT in conventional crowding agents
The translation of mRNA into fluorescent protein involves a number of steps. Not
only does the ribosome need to bind to the ribosomal binding site (RBS), additional
proteins such as initiation and elongation factors need to be recruited to effectuate
translation. Subsequently, the newly synthesized polypeptide chain needs to fold into
a tertiary structure. After successful folding, the fluorophore inside the beta barrel
needs to mature in order for the protein to become fluorescent. Except for the matu-
ration of the fluorophore, all these processes can potentially be significantly affected
by macromolecular crowding.
We analyzed the expression of deGFP,42 a fast folding eGFP variant (maturation
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Figure 2.6: IVTT in 200 g/L of polysaccharide crowding agents, using 7.8 ng/µl
pRSET5d-deGFP template. Under dilute conditions, expression is orders of magnitude
higher in both rate and yield compared to the crowded samples. A blank (no plasmid) was
subtracted from the signals. Error bars denote standard deviations.
time of ~7 minutes)53 that shows much higher expression in vitro, to minimize the ef-
fects of misfolding and delayed fluorophore maturation on the measured fluorescence.
We utilized a lysate based on Rosetta2 cells, as BL21(DE3) contains the λ-DE3 lyso-
gen, which always leads to leaky expression of T7 RNAP. This makes different lysate
batches have varying transcriptional activity and therefore pore reproducibility.
Firstly, IVTT was studied in environments crowded with synthetic crowding agents.
PEG-8000 has previously been established to totally inhibit eGFP production by IVTT
at concentrations over 100 g/L. Figure 2.6 shows the expression of deGFP in dilute so-
lution (denoted as ’normal protocol’) and in 200 g/L of Ficoll and dextran of different
molecular weights. Note that the y-axis of this graph is a logarithmic scale. At physio-
logically relevant crowded conditions, these synthetic crowding agents strongly inhibit
gene expression. There are a number of possible explanations for this observation:
• Extremely crowded conditions lead to strongly reduced diffusion coefficients. If
the rate determining step of IVTT becomes diffusion limited, the reaction will
be inhibited dramatically in a crowded environment.
• Although synthetic crowding agents are inert, uncharged, hydrophilic polymers,
at extreme concentrations even weak interactions between the crowding agent
and a component of IVTT (NTP’s, amino acids etc.) can lead to significant
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Figure 2.7: IVTT in 20 and 200 g/L of BSA and ovomucoid crowding agents, using 7.8
ng/µl pRSET5d-deGFP template. A blank (no plasmid) was subtracted from the signals.
Error bars denote standard deviations.
binding and sequestering of reaction components, thereby inhibiting gene ex-
pression.
• Severe depletion forces generated by the crowded environment can lead to ag-
gregation and even precipitation of macromolecules such as mRNA and protein.
• As compact conformational states are stabilized in crowded environments, any
step of gene expression that involves unfolding (DNA unwinding by the poly-
merase) or any necessary formation of extended structures that occupy extra
volume will be inhibited by excluded volume effects.
We performed a number of control experiments, such as using different salt concentra-
tions, addition of extra NTP’s, extra amino acids and 3-PGA, but no positive effect
on translation was detected (data not shown).
IVTT has not been studied extensively under crowded conditions involving pro-
tein crowding agents. Proteins used as crowding agents in other studies are bovine
serum albumin (BSA)33,34 and ovomucoid (a highly glycosylated chicken egg white
protein).54,55 These protein are very soluble and can form significantly crowded solu-
tions. Figure 2.7 shows IVTT expression profiles in these crowding agents.
In comparison to the synthetic crowding agents used, BSA inhibit gene expression
at 200 g/L but not as severely as Ficoll or dextran (Figure 2.6). Moreover, the max-
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imum rate of protein production in dilute solution and at 200 g/L BSA are 0.82 and
0.84 µM/h respectively. This implies that the rate of synthesis of mature eGFP is not
significantly affected by 200 g/L BSA. The resulting yield of expression, however, is
~3x higher in dilute solution. This can be explained by the binding of IVTT com-
ponents to BSA. Indeed, BSA is known to bind ATP in a 1:1 stoichiometry with a
binding constant in the 50-100 µM range.56 This implies the concentration of free ATP
can be much lower in these systems, which fits with the fact that protein production
levels off earlier in the sample containing 200 g/L BSA than in the sample containing
no crowding agent or 20 g/L BSA.
Whereas BSA does not inhibit the rate of expression even at 200 g/L, ovomucoid
significantly lowers the rate of expression at 20 g/L. If a hard sphere approximation is
taken, ovomucoid is a stronger crowding agent than BSA, as it is a small glycoprotein
of ~24 kDa and BSA has a molecular weight of ~66 kDa. Moreover, as ovomucoid
is heavily glycosylated, the exposed surface of ovomucoid molecules contains a lot of
polysaccharides which causes a large difference in surface chemistry between BSA and
ovomucoid. It is unclear why ovomucoid, even at 20 g/L, strongly inhibits IVTT.
2.3.4 IVTT in reconstituted E. coli lysate
In an attempt to study IVTT in a crowded environment that resembles the cytosol
as closely as possible, we developed a lyophilized E. coli lysate method, inspired by
an NMR study on protein stability.38 However, the lysate protocol developed in this
study is slightly different (see section 2.2.3). Firstly, like the lysate prepared for IVTT,
we remove the periplasmic fraction by osmotic shock treatment to remove this frac-
tion foreign to the cytosol. In addition, crude E. coli extracts contain nanometer
vesicles and other membrane debris. We therefore pelleted this membrane fraction
by ultracentrifugation.57 These treatments leave us with only the cytosolic fraction,
without contaminations from the periplasm or membrane fractions. After lyophiliza-
tion, this leaves us with freeze-dried lysate that can be reconstituted in concentrations
up to 100 g/L protein to yield clear solutions that are very viscous. With a protein
concentration of 100 g/L, these lysates are expected to also contain an additional 50
g/L of RNA (mostly in the form of ribosomal RNA), as approximately 1/3 of cytosolic
macromolecules are RNA molecules and 2/3 consists of protein.35
We reconstituted freeze-dried lysates with IVTT mixtures by the method described
in section 2.2.4. A schematic of this protocol is provided in Figure 2.8. Above 100
g/L of protein, we were unable obtain clear solutions after lysate reconstitution by
centrifugation. This is probably caused by the high viscosity of these samples at 4ºC.
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Figure 2.8: To run IVTT reactions in crowded environments, IVTT mixtures were cen-
trifuged on dry crowding agent (lyophilized lysate in this picture). Samples were centrifuged
and subsequently mixed by pipetting until clear solutions were obtained.
We observed the production of deGFP molecules in IVTT reactions in the presence
of 100 g/L lysate, but the rate and final yield were much lower than in dilute solution
(Figure 2.9A). Although the lysate is expected to contain a significant number of
ribosomes and other translation factors, translation does not proceed with increased
efficiency compared to the normal protocol. Again, the explanations given in section
2.3.3 are equally valid for E. coli lysate as a crowding agent.
Both transcription and translation require free magnesium and the concentration
of magnesium is the most important parameter for efficient IVTT.41 As the reconsti-
tuted lysate is expected to contain ~50 g/L of RNA, we expect significant binding of
magnesium ions to these polynucleotides. We therefore hypothesized that the addi-
tion of additional magnesium glutamate to the reaction mixture would provide free
magnesium to the reaction and might improve yields and rates. This was indeed the
case, as can be seen in Figure 2.9B. The addition of 4-10 mM of additional magnesium
glutamate resulted in a significant increase in rate and yield. Rates of protein pro-
duction in these systems were comparable to rates in dilute solution, but the crowded
samples have an earlier onset of protein production.
In short, we have achieved functonal IVTT in a crowded environment of reconsti-
tuted E. coli lysate. Although we cannot reach in vivo concentrations of lysate experi-
mentally, we see significantly less inibition of the IVTT reaction from biopolymer-based
crowding agents than synthetic crowders.
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Figure 2.9: A IVTT of 7.8 ng/ul pRSET5d-deGFP in the presence of 100 g/L of recon-
stituted E. coli lysate protein. Error bars denote standard deviations. B IVTT of 7.8 ng/ul
pRSET5d-deGFP in the presence of 100 g/L of reconstituted E. coli lysate, with the addition
of additional magnesium glutamate. A blank (no plasmid) was subtracted from the signals.
2.4 Conclusions
We studied the processes of transcription and translation under crowded conditions.
Transcription kinetics in crowded environments could not be studied extensively, due
to significant background fluorescence and opening of the molecular beacon in so-
lutions containing high concentrations of crowding agent. We found little effect of
macromolecular crowding by a strong depletent (PEG-8000) on the efficiency of tran-
scription termination when studying the release of mRNA and RNAP complexes from
the DNA at the terminator elements. This could be explained by two counteracting
effects of macromolecular crowding: secondary structure formation in mRNA is pro-
moted, stabilizing the terminator hairpin and promoting termination. At the same
time, crowding generates depletion forces between macromolecules that push them
together, thereby inhibiting termination.
We found that final yields of protein synthesis were often reduced under crowded
conditions. However, final yields are determined largely by the depletion of reagents
(NTP’s, amino acids, 3-PGA etc.). Living cells are out of equilibrium and can maintain
stable concentrations of reagents, something that cannot be done in batch reactions.
Therefore, we argue that the kinetic aspect of gene expression is a more important
parameter for studying the effects of macromolecular crowding than final yields.
In our IVTT system, the rate of protein synthesis is 1.39 ± 0.95 µM/h (analysis
of expression curves from Figures 2.6, 2.7 and 2.9) without the presence of a crowd-
ing agent, whereas another study has reported a rate of 5.6 µM/h deGFP production
using a dilute protocol but with the addition of 20 g/L PEG-8000. PEG-8000 in con-
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centrations over 100 g/L was found to completely inhibit transcription. Under all the
crowded conditions we tested, we observed no significant increase in protein produc-
tion rates. Moreover, 200 g/L of the synthetic crowding agents Ficoll 70, Ficoll 400
and dextran of various molecular weights reduced protein production by more than
an order of magnitude. This could be the consequence of the crowded aspect of the
environment (reduced diffusion, protein aggregation/precipitation, inhibiting confor-
mations that occupy extra volume) or it could be a form of chemical inhibition, for
example by significant binding of IVTT components to the crowding agent through
associative interactions. Even though these crowding agents are inert, simple polysac-
charide molecules that display a limited number of functional groups on their surface,
at high concentrations even very weak associative interactions can become significant.
Our results match another study on the effects of synthetic crowding agents on protein
expression,29 although we do not observe the reported substantial increase in mRNA
production under crowded conditions.
We also studied IVTT in protein-based crowding agents and found that 200 g/L
of BSA was able to synthesize fluorescent protein at rates comparable to dilute solu-
tions. As Ficoll 70 and BSA are of similar molecular weights, it is suprising that gene
expression is almost completely inhibited in Ficoll 70 while BSA allows for protein
expression at the same rate as dilute solutions. Clearly, the hard-sphere approxima-
tion of crowding agents is insufficient here, as BSA and Ficoll 70 have similar Stokes
radii58,59 and should therefore result in comparable depletion forces. Due to a big
difference in surface chemistry of these two crowding agents, however, they can poten-
tially result in very different diffusion coefficients and interactions (both associative
and repulsive) with the molecules involved in the IVTT reaction. However, due to
the complexity of the IVTT reaction cascade, it is very difficult to deconvolute what
characteristic of BSA allows it to support gene expression under crowded conditions
where Ficoll 70 almost completely abolishes it.
To obtain a crowding agent as close to the cytosolic environment as possible, we
developed a protocol to produce freeze-dried E. coli lysate free of the periplasmic and
membrane fractions. This lysate can be reconstituted to concentrations up to ~100
g/L protein and ~50 g/L RNA. In this environment, the IVTT reaction can run with
rates of protein production comparable to dilute solutions. Another study has re-
ported significant yields of cell-free gene expression in condensed lysate experiments,
although they did not study the kinetics of their experiments.60 In our experiments
additional magnesium ions need to be supplied for the IVTT reaction to proceed in
reconstituted E. coli lysate, possibly due to significant binding of free magnesium
2.5 Acknowledgements 51
ions by the RNA molecules present in the lysate crowding agent. It is not possible
to distinguish between the contributions of lysate components and macromolecular
crowding to the kinetics of protein production, as some components involved in the
IVTT reaction are present in the lysate crowding agent (such as ribosomes and initia-
tion factors). A more simple system or reaction is required, where endogenous lysate
components cannot influence the read-out or interfere with it, in order to study the
effects of macromolecular crowding in reconstituted lysates.
In conclusion, synthetic crowding agents and biopolymer crowders (BSA, lysate)
have different effects on cell-free gene expression. These disparities can arise from
differences in diffusion characteristics, depletion forces, chemical interactions etc. Due
to the complexity of the IVTT reaction, which involves among other things mRNA
production, translation, protein folding and fluorophore maturation, it is hard to de-
convolute which parameter of the reaction cascade is affected by a certain crowding
agent. It is unclear what effect the cytosolic environment actually has on transcrip-
tion/translation in vivo. Therefore, we now need an approach to assess the specific
differences between the crowding agents used in this study, to determine the specific
parameters that cause synthetic and biopolymer crowding agents to cause different ef-
fects. Also, we need to asses whether reconstituted lysate is a faithful cytosolic mimic
an can be used to approach and study in vivo conditions by in vitro experiments.
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Chapter 3
Depletion forces in crowded
cytosolic analogs
In this chapter we studied depletion interactions in several crowded solutions, includ-
ing E. coli lysate. Using a FRET probe and a cytoskeletal element as probes for
depletion interactions, we find a significant difference between uncharged polymeric
crowding agents and biopolymers. Synthetic crowding agents yield a significant de-
pletion interactions, whereas biopolymer crowders give rise to associative interactions
with the probe that severly attenuate the resulting depletion interactions. We fur-
ther analyze our results by building a mathematical model of depletion taking into
account associative interactions. Our model fits our data and suggests that associative
interactions with the crowded background can counteract depletion forces. The net
interaction depends strongly on the size of the probe and its propensity for associative
interactions with the crowded background.
Parts of this chapter have been published:
J. Groen, D. Foschepoth, E. te Brinke, A.J. Boersma, H. Imamura, G. Rivas, H.A.
Heus and W.T.S. Huck. “Associative interactions in crowded solutions of biopolymers
counteract depletion effects”. In: Journal of the American Chemical Society 137.40
(2015), pp. 13041– 13048.
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3.1 Introduction
The cytosol of E. coli consists of a complex, crowded solu-tion of biopolymers which
occupy 20-30 vol%.1,2 This environment leads to strongly reduced and non-random
diffusion of macromolecules3,4 and is also expected to yield increased thermodynamic
activities due to significant volume occupation.5 Moreover, repulsive interactions of
macromolecules with the background macromolecules will favor associations and com-
pact conformations of molecules as a result of depletion interactions.6,7 When two
macromolecules come in close enough proximity for their hard-core excluded volumes
to overlap, the total excluded volume of the two molecules is reduced because of this
overlap volume. As background macromolecules are excluded from the space between
the two molecules in this situation, there is a difference in the concentration of back-
ground macromolecules outside the two molecules and in the interstitial space. This
generates an anisotropic osmotic pressure which pushes the molecules together. The
resulting force is called the depletion force.8,9
Exactly how the physico-chemical properties of the crowded cytosol affect key bio-
chemical processes in the cell is unknown. The effects of macromolecular crowding on
biochemical reactions are typically studied in vitro by the addition of high concentra-
tions of inert, synthetic polymers such as polyethylene glycol (PEG), Ficoll or dextran.
Such studies have found a significant hard-core excluded volume effect (colloquially
shortened to excluded volume effect), resulting in increased association constants and
rates,10–16 increased protein stability17–21 and increased aggregation.22–24
However, whether high concentrations of inert, uncharged synthetic polymers can
faithfully mimic cytosolic conditions is questionable. The cytosolic environment is
dominated by proteins of different shapes, size, and charge. The differences between
this environment and a solution of inert polymers have been noted apreviously and
are further illustrated in Figure 2.1.25 The heterogeneous cytosol is replete with non-
specific chemical interactions, both associative and repulsive, whereas in synthetic
crowding agents steric repulsion dominates. This means that in crowded biopolymer
solutions such as the cytosol, the crowded environment cannot be considered chemi-
cally inert. In these environments, chemical interactions of all macromolecules, includ-
ing the crowded environment, need to be considered in addition to excluded volume ef-
fects. In short, macromolecular crowding has an enthalpic component (chemical inter-
actions) that needs to be considered in addition to its well-established entropic effects.
A computational study by McGuffee and Elcock first predicted that homodimeric
complexation of proteins resulting from depletion interactions “is largely cancelled by
the more favorable energetic interactions that the monomers form with the cytoplasm
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Figure 3.1: Schematic representation of an inert, spherical crowding agent (A) and the six
most common cytosolic proteins of E. coli (B). These environments might provide identical
excluded volumes, but differ greatly in exposed surface area, charge and shape. Figure based
on Elcock 2010.
constituents.”26 Subsequent experimental work has also postulated that these chemi-
cal, associative interactions are responsible for attenuation of excluded volume effects
in crowded biopolymer solutions.27–29 In addition, chemical interactions were included
in existing theoretical models of macromolecular crowding.30,31
It remains unclear how depletion interactions and associative chemical interactions
are balanced in crowded biopolymer solutions such as the cytosol, and how these
interactions scale with the size of the probe macromolecule. Therefore, there is an
urgent need for better model systems that allow for systematic studies of the effects
of macromolecular crowding in a cytosolic mimic using different crowding agents and
specially designed crowding probes.
A number of studies have used E. coli lysate to mimic cytosolic conditions.28,32 We
prepared an E. coli lysate where both the periplasmic and membrane fractions are
removed (as these are no part of the native cytosol), to study the effects of macro-
molecular crowding in vitro. After dialysis and lyophilization, this lysate can be re-
constituted to clear solutions of high concentration (~10 vol% macromolecules). We
studied the effects of macromolecular crowding in synthetic crowding agents (PEG-
8000 and Ficoll 70), protein-based crowding agents (BSA and ovomucoid), and our
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Figure 3.2: Schematic representation of an inert, spherical crowding agent (A) and the six
most common cytosolic proteins of E. coli (B). These environments might provide identical
excluded volumes, but differ greatly in exposed surface area, charge and shape. Figure based
on Elcock 2010.
E. coli lysate to compare the effects of different crowded environments. We used an
ATP FRET sensor as a crowding probe to study depletion effects in vitro, analogous
to two recent studies.33,34 Our in vitro approach allows us to probe the depletion and
chemical interactions that jointly result in a net crowding effect. We hypothesized
that the previously engineered ATP FRET sensor35 (AT1.03, hereafter called ATeam)
and an ATP-insensitive version of this sensor (AT1.03R122K/R126K, hereafter called
DTeam for dummy ATeam) will both be sensitive to depletion interactions, as compact
conformations of these probes should increase their FRET efficiency significantly as
depicted in Figure 2.2.Moreover, because the starting FRET efficiency of these probes
in dilute solution is more favorable (around 0.5) than FRET constructs used in previ-
ous studies, we hypothesized ATeam and DTeam would be more sensitive to depletion
effects.
In parallel, we studied bundle formation of FtsZ protofilaments as a probe for
macromolecular interactions at larger overlap volumes. FtsZ is a protein (hydrody-
namic radius of 5 nm)36 involved in cell division, that assembles into a ring of FtsZ
filaments called the Z-ring.37–39 Upon binding of GTP, FtsZ polymerizes in vitro to
form long protofilaments (~200 nm) with a diameter of 5 nm.40 These protofilaments
have been reported to assemble into bundles and fibers and the formation of these
higher order structures have been investigated in vitro in microdroplets.41 By approxi-
mating an FtsZ protofilament with a rectangular cuboid, we calculate that the overlap
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Figure 3.3: Schematic representation of an inert, spherical crowding agent (A) and the six
most common cytosolic proteins of E. coli (B). These environments might provide identical
excluded volumes, but differ greatly in exposed surface area, charge and shape. Figure based
on Elcock 2010.
volume of two FtsZ protofilaments is ~15x larger than the overlap volume of the FRET
probe (Figure 3.3).
In this study, we report the net crowding effects, using two depletion probes of
different sizes, of differently crowded environments: two synthetic crowding agents,
two protein crowding agents and an E. coli lysate to approximate cytosolic conditions.
By using two depletion probes of different sizes we can study depletion forces at
two different size scales, assuming the propensity for associative interactions of these
probes is identical. This allows us to determine the relative contributions of depletion
interactions and associative interactions to the resultant net effects of macromolecular
crowding.
3.2 Experimental details
3.2.1 E. coli lysate preparation
The lysate preparation protocol is based on a number of literature protocols.42,43 E. coli
Rosetta2 cells were grown in LB until late-exponential phase (~OD 2.0). Cells were
collected by centrifugation (5000 g, 10 min, 4ºC). Pellets were resuspended in 6 ml of
spheroplasting solution (20% sucrose, 1 mM EDTA and 1 mg/ml lysozyme) per gram of
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pellet and incubated on ice for 5 minutes. The volume was doubled with ice-cold MiliQ
followed by gentle mixing and incubation for another 5 minutes. Spheroplasts were
collected by centrifugation (12000 g, 10 min, 4ºC). Spheroplasts were lysed on ice by 10
rounds of 10 seconds ultrasonication with 30 second pauses. Cell debris was spun down
(30000 x g, 30 min, 4ºC), supernatant (lysate) was recovered and centrifuged another
30 minutes. The membrane fraction was removed by ultracentrifugation (138000 x g,
1h, 4ºC), after which the supernatant was carefully recovered. Lysate was dialyzed
overnight against MiliQ in dialysis tubing (3.5 kDa cutoff) with two changes of dialysis
solution. Lysate was collected and lyophilized in small aliquots. Freeze-dried lysate
was stored at -80 ºC.
High concentrations of lysate were achieved by centrifuging freeze-dried lysate with
buffer. Buffer was added to the cake in a volume required to achieve a certain final
concentrations. Samples were spun (1000 x g, 2 min, 4ºC). Contents were mixed
by stirring followed by a long centrifugation step (20000 x g, 30 min, 4ºC). The
supernatant was collected as the lysate. Protein concentrations were determined by
Pierce BCA assay (Life Technologies).
3.2.2 Cloning of ATeam probe
The ATeam 1.03 sensor was cloned into a pRSET5d vector for bacterial expression.
PcDNA-AT1.03 described in Imamura and colleagues13 was cut with XhoI and HindIII
restrictions enzymes (New England biolabs, USA) as well as the pRSET5d vector
backbone. DNA products were loaded into an agarose gel electrophoresis and the ap-
propriate bands were excised and purified with QIAquick Gel Extraction Kit (Qiagen,
Germany). Purified DNA fragments were ligated using T4 DNA ligase (New England
Biolabs, USA). Ligation mix was transformed into competent E.coli XL-1 blue cells
and selected on LB-agar over night with 100µg/ml Ampicillin. The next day colonies
were grown in 5 ml liquid LB culture overnight and plasmid was isolated using QI-
AGEN Plasmid Mini Kit (Qiagen, Germany). Plasmids were tested using restriction
enzyme digestion and gel electrophoresis and also by Sanger DNA sequencing (GATC
Biotech, Germany). The expression plasmid pRSET- AT1.03(R122K/R126K) was supplied
by Hiromi Imamura.35
3.2.3 Isolation of FRET probes ATeam and DTeam
FRET probes were isolated from E.coli cultures of BL21(DE3) cells. Which were
grown to OD600 0.6 in Terrific broth (12 g Tryptone, 24 g Yeast extract, 4 ml Glyc-
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erol, 2.31 g KH2PO4 and 12.54 g K2HPO4 per 1000 ml). Then Isopropyl β-D-1-
thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM and cells
were incubated at 25°C overnight. The isolation process was conducted as described
earlier from Imamura and colleagues in 2009.35 Diverging from the original protocol,
cells were incubated in buffer A with 1 mg/ml of Lysozyme on ice (>100,000 units/mg
Sigma-Aldrich Co. LLC) for 5 minutes prior to sonication.
3.2.4 Sample preparation
Mixtures were prepared in 40 μl volumes in triplicate: 50 mM HEPES pH 7.5; 180
mM potassium glutamate; 10 mM magnesium glutamate; various concentrations of
crowding agent; ATeam or DTeam probe. Mixtures were mixed well by pipetting,
30 μl was loaded on a 384 glass-bottom wells plate (Greiner) and briefly spun on a
Eppendorf 5810 R centrifuge.
3.2.5 FRET measurements
Initial studies of FRET were performed on a Perkin Elmer LS55 fluorescence spec-
trometer. In subsequent experiments, microplates of samples were read on a Tecan
Infinite M200 plate reader. Plates were incubated for 10 minutes at 37°C (unless
otherwise specified) before reading. Bottom reading was used, with optimized gain
settings. Excitation was set at λex= 430 nm (CFP), emission was read at λem= 475
(CFP) and 527 nm (YFP). YFP fluorescence was checked by excitation at λex= 515
nm and emission λem= 550 nm. Triplicate samples were prepared and each sample
was measured three times. Measurements were averaged and the averages of three
samples provided the average FRET efficiency and standard deviation. Volume frac-
tions of crowding agents were calculated from mass concentrations and partial specific
volumes (Table 3.1).
3.2.6 Autofluorescence subtraction and absorption correction
Fluorescence measurements of control samples (identical mixture except no FRET
probe) were subtracted from measurements. For protein mixtures, absorption of emis-
sion fluorescence of CFP and YFP needs to be compensated for. Absorbance spectra
were taken of control samples and the ratio between CFP (475 nm) and YFP (527
nm) absorbance was used to correct for different amount of absorption of CFP and
YFP fluorescence. The inner filter effect in our samples is very small. The absorption
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Molecule
Molecular weight
(kDa)
Stokes radius
(nm)
Partial specific
volume (cm3/g)
PEG-8000 8 3.7844 0.83345
Ficoll 70 70 3-546 0.65045
BSA 66 3.647 0.73347
Ovomucoid 28 2.748 0.69749
E. coli cell-free
lysate
722 3.12 0.6652
GFP 27 2.850 -
Table 3.1: Molecular weights, stokes radii and partial specific volumes of macromolecules
used in this study.
ratios were never lower than 0.97, because our small sample size results in very small
path length.
3.2.7 FtsZ experiments
FtsZ solution (25 µM E. coli FtsZ and 0.25 µM E.coli FtsZ-Alexa488 (0.12 µM
Alexa488) in 5 mM magnesium glutamate, 180 mM potassium glutamate and 50
mM HEPES buffer pH 7.5) and GTP/crowder solution (6 mM GTP and 187 g/L
PEG-8000, Ficoll 70, BSA or ovomucoid, or 50 g/L nondialyzed cell lysate (sept 10
batch) in 5 mM magnesium glutamate, 180 mM potassium glutamate and 50 mM
HEPES buffer pH 7.5) are combined on chip (described in detail in Mellouli et al.
2013)41 and droplets are generated using 25 g/L E. coli lipids (Avanti Polar Lipids,
Alabama, USA) in mineral oil. Samples were observed with a spinning disk confocal
microscope (CSU-X1, Yokogawa Electric Corp.) on an Olympus inverted microscope
(IX81). Alexa-488 was excited with 488 nm laser light (λem = 525 nm) and images
were recorded with a temperature controlled EM-CCD camera (iXon3, Andor) using
an exposure time of 0.8–1 s and a piezo-driven 100x (1.3 NA) oil immersion objective.
All observations were conducted at room temperature.
3.3 Results
3.3.1 Effects of macromolecular crowding on FRET-based probes
We studied two variants of an ATP-sensor called ATeam,35 one with a KD in the low-
millimolar range (ATeam) and a mutant insensitive to ATP (DTeam). To approach
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Figure 3.4: The ATP sensor ATeam 3.10 shows increased FRET efficiency in a crowded
environment of Ficoll 70 in the presence and absence of 1 mM ATP. The spectra were
normalized to the CFP emission maximum.
physiological conditions, measurements were performed in physiological salt solutions
and at 37 °C. An ATP-sensor with a KD in the micromolar range (ATeam 3.10)
was used in initial screens to test if such FRET constructs are sensitive to crowded
conditions. Indeed, a Ficoll 70 concentration of 150 and 300 g/L strongly increased
the FRET ratio of this sensor (Figure 3.4).
To study the effects of macromolecular crowding on ATeam and DTeam FRET
efficiencies, we measured the YFP/CFP emissions (527/475 nm) of these probes under
crowded conditions in the absence of ATP using 430 nm excitation wavelength. FRET
efficiency is defined as FRET = IA
ID+IA where IA and ID are acceptor and donor
emission intensities respectively.
Figure 3.5 shows FRET efficiencies for a concentration range of different crowd-
ing agents. Synthetic crowding agents PEG-8000 (25 vol%) and Ficoll 70 (20 vol%)
strongly increased FRET efficiency of DTeam from 0.54 ± 0.01 to 0.91 ± 0.01 and 0.70
± 0.02 respectively. PEG-8000 (25 vol%) and Ficoll 70 (20 vol%) changed the FRET
efficiency of ATeam from 0.55 ± 0.01 to 0.87 ± 0.02 and 0.72 ± 0.04 respectively.
As ATeam and DTeam respond similarly to crowded conditions, DTeam was used in
subsequent experiments, as it is insensitive to ATP concentrations. In contrast to
synthetic crowding agents, BSA and ovomucoid slightly decrease the FRET efficiency
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Figure 3.5: A FRET efficiencies of the ATeam probe in different crowded conditions at
37°C. B FRET efficiencies of the DTeam probe in different crowded conditions at 37°C. In
cell measurements of DTeam in E. coli at 37°C was included as data point at 25 vol% E. coli
lysate. Error bars denote standard deviations.
of these probes, with some recovery at higher volume fractions. Cell-free E. coli lysate
lowered the FRET efficiency of the DTeam probe with increasing lysate concentration
to an even larger extent than BSA and ovomucoid: from 0.54 ± 0.01 to 0.47 ± 0.01 at
10 vol% of lysate. We also measured the FRET efficiency of DTeam in E. coli culture
and determined a FRET efficiency in cell of 0.56 ± 0.01 compared to 0.54 ± 0.01 in
dilute solution.
3.3.2 Temperature effects on net crowding effects in different
crowded environments
Subsequently, we tested FRET efficiencies of DTeam at different temperatures to de-
termine the effects of temperature on depletion and associative interactions. Figure 3.6
shows measurements of DTeam in Ficoll 70 and BSA solutions at different tempera-
tures. Measurements were corrected for the effects of temperature on FRET efficiencies
in the absence of crowding agent. Ficoll 70 and BSA were selected because they have
similar molecular weight and size. We observe no significant effect of temperature on
FRET efficiencies in Ficoll 70 solutions (Figure 3.6A), suggesting depletion interac-
tions are relatively unperturbed by temperature changes in the range used. FRET
measurements in BSA show a different trend (Figure 3.6B): at low volume fractions,
the presence of crowding agent generates a significant dip in FRET efficiency, whereas
at higher volume fractions the FRET efficiency recovers almost completely. In the
case of BSA, an increase in temperature counteract the initial dip in FRET efficiency
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Figure 3.6: Temperature dependence of FRET efficiencies of DTeam. Data corrected for
temperature induced FRET efficiency changes in the absence of crowding agent. A DTeam
probe in Ficoll 70 solutions at different temperatures. Inset shows DTeam probe in Ficoll 70
(green trace Figure 3.5A) and BSA solutions (green trace Figure 3.5B) at 37°C. B DTeam
probe in BSA solutions at different temperatures. Error bars denote standard deviations.
at low volume occupancies and had a smaller effect at higher crowding agent volume
fractions although it maintained the trend observed at lower temperatures.
3.3.3 Bundle formation of FtsZ induced by depletion inter-
actions
To probe the effects of macromolecular crowding at high overlap volumes, we studied
FtsZ bundle formation under crowded conditions similar to those used in the FRET
experments. FtsZ protofilaments are ~5 nm in diameter and thus droplets contain-
ing only protofilaments appear homogenous in fluorescence. These protofilaments can
form bundles by depletion forces and these bundles are large enough to be visualized
using conventional confocal microscopy (Figure 3.7A). We investigated the effects of
different crowded environments on FtsZ bundle formation by encapsulating the com-
ponents (buffer, GTP, FtsZ and crowding agent) in microdroplets using microfluidic
devices (Figure 3.7B). Osmotic shrinkage of the droplets was used to gradually concen-
trate the droplet’s contents and subsequently bundle formation of FtsZ was followed
by confocal microscopy.
Figure 3.7 shows FtsZ bundle formation using crowding agents at different concen-
trations. In the absence of crowding agent, fluorescence in droplets is homogeneous
(no bundle formation) even after concentrating the droplet contents 2.5x by shrinkage.
Droplet shrinkage in subsequent experiments with crowding agent was never greater
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than ~2x in volume reduction. PEG-8000 produced bundles without any droplet
shrinkage, which shows it has the largest depletion effect. Ficoll 70 shows clear bundle
formation at 7.6 vol% crowding agent. Surprisingly, both BSA and ovomucoid were
able to induce FtsZ bundle formation at ~9 vol% and ~7.5 vol% respectively. FtsZ
also showed strong bundle formation in E. coli lysate.
Figure 3.7: FtsZ bundle formation in microdroplets under different crowded conditions.
A FtsZ forms protofilaments by binding GTP. Depletion interactions generated by macro-
molecular crowding can bundle these filaments. B Microfluidic setup. A mixture of GTP
and crowding agent is mixed on-chip with an FtsZ solution and microdroplets are generated
subsequently. C FtsZ bundle formation without crowding agent and with polymeric crowding
agents PEG-8000 and Ficoll 70. D Bundle formation of FtsZ with protein-based crowding
agents BSA, ovomucoid and E. coli lysate. 1% of FtsZ molecules is labeled with Alexa-488.
Figure 3.6A and 3.6B adapted from Mellouli et al.2013.41
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3.4 Discussion
3.4.1 Discussion experimental results
Macromolecular crowding is expected to lead to more compact conformations of macro-
molecules because of excluded volume effects. We used an in vitro approach to sys-
tematically study the effects of different crowded environments on probes of different
sizes, both of which are sensitive to depletion interactions. We also used an E. coli
lysate as a crowding medium. This lysate can be dissolved to high concentrations (10
vol%) to approximate cytosolic conditions, be it at lower concentrations than present
in the cell.
We tested the FRET efficiencies of two versions of a genetically encoded ATP
sensor in different crowding media and found that these FRET constructs are indeed
sensitive to macromolecular crowding. As hypothesized, they are much more sensi-
tive than previously developed FRET crowding probes.33,34 Commonly used synthetic
crowding agents PEG-8000 and Ficoll 70 strongly promoted more compact FRET
probe conformations (higher FRET efficiencies), while protein-based crowding agents
BSA and ovomucoid show an initial dip in FRET at low crowding agent concentra-
tions, with slight recovery at higher concentrations. These results suggest that, even
at low concentrations, associative interactions of the protein crowding agents with the
FRET probes can promote a more open conformation of the probe. However, both
BSA and ovomucoid show recovery of FRET efficiency at higher volume fractions.
This indicates that, at a critical point, depletion interactions start to counteract asso-
ciative interactions and promote more compact conformations of the probe. However,
even at very high volume fractions of BSA and ovomucoid, the FRET probes do not
completely recover to the FRET efficiencies they have in dilute solutions.
Notably, measurements in E. coli lysate showed the greatest reduction in FRET
efficiency, going from 0.54 in buffer to 0.47 at 10 vol% of lysate. It is possible that E.
coli lysate will show a recovery of probe FRET efficiency at higher volume fractions,
like BSA and ovomucoid, but we are not able to concentrate the lysate to more than
10 vol%. We therefore measured the FRET efficiency of DTeam in cell in bacterial
culture and indeed see that at crowded conditions present in cells, the FRET efficiency
of DTeam (0.56 ± 0.01) is similar to dilute conditions (0.54 ± 0.01).
In line with the computational results of McGuffee and Elcock, we observe that
the depletion interaction of two macromolecules in the cytosol by macromolecular
crowding is canceled out by associative interactions with the crowded background.26
Of particular importance is also the fact that these observations agree with in cell
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experiments reported previously: measurements of ATeam in E. coli show FRET
efficiencies lower than those measured in buffer when ATP production was stopped
by the addition of 40 mM KCN.51 Moreover, Imamura et al. reported no changes
in FRET efficiencies when DTeam was targeted to different organelles (cytoplasm,
nucleus and mitochondria) in HeLa cells: the reported FRET efficiencies in cell were
not significantly different from those measured in buffer solution.35 This implies that,
on the level of the FRET probes, there is no net depletion effect in HeLa cells, not even
in mitochondria which are known to have an extremely crowded interior.52 Our in cell
measurement also fits in vivo measurements on protein stability, where the crowded in
vivo environment did not provide a substantial stability increase by excluded volume
effects.53–55 Moreover, our results are also in line with NMR experiments on protein
stability in E. coli cell lysate,28 which showed slight destabilization op protein folds in
BSA and cell lysate but stabilization in Ficoll 70.
The in vitro approach reported here allows us to vary the temperature and study
the effects on the FRET crowding probe. We decided to study the DTeam probe in
Ficoll 70 and BSA solutions to investigate the temperature dependency of associative
and depletion interactions to discriminate depletion interactions and associative inter-
actions. Ficoll 70 and BSA were chosen because they are a synthetic and protein based
crowding agent with similar molecular weights. FRET efficiencies of DTeam in Ficoll
70 did not change with temperature, suggesting depletion interactions are not signifi-
cantly affected by temperature in the range we studied. In contrast, FRET efficiencies
in BSA solutions show a significant temperature dependency. The initial dip in FRET
efficiency at low crowding agent concentrations is significantly larger at lower tem-
peratures, indicating that associative interactions are affected by temperature, which
follows logically from the fact that the Gibbs free energy of binding is temperature
dependent. Interestingly, the FRET efficiency is less affected by temperature under
highly crowded conditions (20 vol%).
To check how depletion interactions and associative interactions scale with probe
size, we also studied a crowding sensitive system with much larger overlap volumes,
FtsZ, under different crowded conditions in microdroplets. FtsZ protofilaments can
form bundles as a result of depletion interactions, generating structures that can be
visualized by confocal microscopy. Because FtsZ protofilaments have a much larger
overlap volume than the YFP/CFP fluorescent proteins of FRET probes, we hypoth-
esized that these structures would be subject to much larger depletion interactions
under the same crowded conditions. As established previously in microdroplets,41 in-
deed synthetic crowding agents can generate depletion interactions sufficient for FtsZ
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bundle formation.
Interestingly, we found that conditions that decrease FRET efficiencies of the
FRET probes were able to significantly promote bundle formation of FtsZ protofila-
ments. Crowding by E. coli lysate, BSA and ovomucoid led to a slight decrease of
FRET efficiency of DTeam at 10 vol%, indicating a more open conformation of the
probe. Under the same crowded conditions, lysate, BSA and ovomucoid induced strong
bundle formation of FtsZ protofilaments, indicating a strong net depletion interaction.
Since FtsZ is an endogenous E. coli protein, we cannot exclude the possibility that
factors present in the lysate affect FtsZ bundle formation to a certain extent. In short,
our results indicate that macromolecular crowding in dense macromolecule solutions,
as present in the cytosol, can indeed generate depletion interactions. However, at low
overlap volumes these can apparently be overcome by chemical, associative interac-
tions to yield no net crowding effect.
3.4.2 Model
To explain our experimental results, we constructed a model showing the balance of
free energy values of depletion interactions and associative interactions.For depletion
interactions, we use the full AO model6,8,9 to calculate free energy values using the
following function:
∆G′0dep = −
(
1 + 3R2r
)
ϕkBT (3.4.1)
Where R is the radius of the probe particle, r the diameter of the crowding agent, ϕ
the volume fraction of crowding agent, kB the Boltzmann constant and T temperature
in Kelvin. In this derivation, we use BSA as a crowding agent for our model (r = 3.6
nm). For the associative interactions, we base our model on NMR measurements
of non-specific interactions of Ca2+-calmodulin with the background molecules in E.
coli lysate.56 This work provides a dissociation constant for the associative interaction
(KD= 0.22 mM) which we use in this model. Taking into account the Stokes radius of
Ca2+-calmodulin (2.4 nm),57 we can approximate Ca2+-calmodulin as a sphere with
a surface area of 72 nm2. The starting point of our model is therefore 1 binding site
every 72 nm2 with a KD of 0.22 mM. As we will show below, our model can easily
simulate the effects of stronger or weaker associative interactions.
∆G′0association = kBT ln(KD) (3.4.2)
The dissociation constant corresponds to a strength of the interaction of 5.2 kcal/mol,
which is equivalent to 2-3 peptide hydrogen bonds in solution.58 Binding sites are taken
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to be homogeneously distributed over the surface of the probe. Thermodynamic activ-
ity coefficients resulting from excluded volume effects, γexvol, were taken into account
and calculated as described by Minton in 2013.30 to determine the ’bound fraction’ v:
v = ([A]γexvol)
KD + ([A]γexvol)
(3.4.3)
When two probe molecules come into close proximity, the overlap volume effectively
buries surface area of both probe molecules, which subsequently is unavailable for
associative chemical interactions with the crowding agent. This buried surface yields
a free energy penalty which counteracts the depletion interaction. We calculate the
buried surface, Ab, by calculating the surface area of the two spherical caps that form
the overlap volume. The overlap volume, which is twice the volume of the buried
spherical cap, Vsc, of each molecule (see Figure 3.7A), is calculated by
Voverlap =
2π
3 (R + r −
D
2 )
2(2R + 2r + D2 ) = 2Vsc (3.4.4)
Where R and r are the probe and crowding agent radii respectively and D is the
distance between the probe particles, which we set at 2(R+r)-0.1 to conservatively
estimate the buried surface area when two probes come into contact. We then calculate
the buried surface area, Ab, from the area of the spherical caps, Asc, by determining
the height of the spherical cap:
Vsc =
πh2
3 (3(R + r)− h) (3.4.5)
Asc = 2π(R + r)h (3.4.6)
Ab = 2Asc (3.4.7)
Where R+ r is the radius of the excluded volume of the probe (the combined radii of
the probe molecule and the crowding agent) and h is the height of the spherical cap.
The number of buried binding sites, Nb, is then
Nb = AbρA (3.4.8)
Where ρA is the number of binding sites per nm2 of probe. The density of binding
sites is set to 1 binding site every 72 nm2 of probe surface (ρA=13.9x10-3/nm2), mean-
ing that e.g. a BSA molecule (hydrodynamic radius of 3.6 nm) would have ~2 binding
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sites for macromolecules of the same size. Combining this with the bound fraction, v,
we obtain a free energy penalty of
∆G′0penalty = vNb∆G
′0
association (3.4.9)
The effective free energy,∆G′0eff , is calculated by balancing∆G
′0
depletion and∆G
′0
penalty:
∆G′0eff = ∆G
′0
penalty −∆G
′0
depletion (3.4.10)
∆G′0eff (R) = kBT
(
vNbln(KD)−
(
1 + 3R2r
)
ϕ
)
(3.4.11)
A positive value for ∆G′0eff represents a net depletion force while a negative value
represents chemical, associative interactions with the background macromolecules over-
coming depletion interactions. Figure 3.8B-C-D shows the model predictions for free
energies of depletion and associative interactions for probe molecules of 2.8, 30, 50
and 100 nm radius. In addition, Figure 3.8E shows the effective free energy prediction
of two 2.8 nm radius probe particles (hydrodynamic radius of GFP) at different tem-
peratures. To provide an estimate of the effects different interaction strengths might
have, we plot in Figure 3.8F energy changes for associative interactions with different
dissociation constants. These predictions show that weak non-specific interactions,
equivalent to 2-3 peptide hydrogen bonds per 72 nm2 protein surface area, are enough
to counteract depletion to the point where there is only a net crowding effect under
highly crowded conditions.
Our model agrees with our experimental results on several important points. We
observe associative interactions dominating at low concentrations of crowding agent
(Figure 3.8D), which corresponds to the initial dip in FRET efficiency of the probe.
At high concentrations, the probe is saturated and the free energy contribution of
associative interactions levels off (Figure 3.8C). Because depletion free energy contin-
ues to decrease linearly (Figure 3.8B), depletion starts to compensate for associative
interactions. The FRET curves measured in BSA and ovomucoid fit this profile. As
Ficoll 70 has a very low propensity for associative interactions with the probes, the
model prediction for Ficoll 70 crowding would be close to Figure 3.8B (depletion only).
We indeed do not observe the initial dip in FRET efficiency resulting from associa-
tive interactions. As we cannot convert free energies of depletion directly to FRET
efficiencies, the model provides a qualitative prediction. However, as FRET is propor-
tional to the inverse of the distance between donor and acceptor to the sixth power,
we expect the increase in FRET efficiency to follow non-linearly with respect to an
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Figure 3.8: FtsZ bundle formation in microdroplets under different crowded conditions.
A FtsZ forms protofilaments by binding GTP. Depletion interactions generated by macro-
molecular crowding can bundle these filaments. B Microfluidic setup. A mixture of GTP
and crowding agent is mixed on-chip with an FtsZ solution and microdroplets are generated
subsequently. C FtsZ bundle formation without crowding agent and with polymeric crowding
agents PEG-8000 and Ficoll 70. D Bundle formation of FtsZ with protein-based crowding
agents BSA, ovomucoid and E. coli lysate. 1% of FtsZ molecules is labeled with Alexa-488.
Figure 3.6A and 3.6B adapted from Mellouli et al.2013.41
increase in depletion force. We indeed observe a non-linear increase in FRET efficiency
when increasing the Ficoll 70 concentration. The qualitative predictions of our model
therefore fit our experiments on BSA and Ficoll 70 crowding.
We also see a clear effect of probe size (Figure 3.8D): depletion forces are not able
to compensate for associative interactions with small probes, while for large probes
depletion interactions eventually overcome the free energy barrier of associative in-
teractions. A zoom (Figure 3.9) shows that for large probes, depletion overcomes
associative interactions at ~15 vol% for while a probe the size of GFP, depletion over-
comes associative interactions only at ~20 vol%. This fits our observations, as we
observe no net depletion effect with a small probe (FRET construct) while a much
larger probe (FtsZ) shows strong depletion effects under crowded conditions. Further-
more, the free energy of binding is more sensitive to temperature than depletion in
our model (Figure 3.8E), which fits our observation that FRET efficiencies in BSA are
more temperature sensitive than those in Ficoll 70. Our experimental data (Figure
3.6) and model (Figure 3.8E) predict that for a certain crowded condition, there can
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Figure 3.9: Zoom of Figure 3.7D. Depletion overcomes associative interactions at ~15
vol% for the larger probe molecules, a 2.8 nm radius probe molecules requires 20 vol% of
crowding agent for depletion to overcome associative interactions.
be a crossover temperature where depletion overcomes associative interactions. An
increase in temperature could therefore push the balance in favor of the depletion
interaction. A similar conclusion was drawn in a theoretical treatment by Zhou31 of
experimental data from the Pielak group28,59,60 on protein stability under crowded
conditions, where the author states that: “The size, shape, and chemical nature of the
crowders determine the relative weights of the two components, but in all cases the
net effect is destabilizing below a crossover temperature and stabilizing above it.”
3.5 Conclusion
What impact do our findings have on the possible role of crowding in the cytosol?
As noted by Marenduzzo et. al, structures of a size of about 75 nm will theoreti-
cally be subjected to ~5kBT of depletion force, enough for irreversible aggregation.6
Thus, counteracting forces must be present in the cytosolic environment to prevent all
macromolecules from aggregating. Our experimental results and model suggest that
whether excluded volume effects are dominant or not, depends on both the size of
molecules involved and the strength of associative interactions. Of course, the pre-
cise balance between depletion forces and enthalpic interactions depends on the size
and shape of the macromolecules, the strength of the specific binding constant, the
surface chemistry and the number of non-specific interactions involved. In our model,
we have simplified this picture by taking into account a single non-specific interaction
78 Depletion forces in crowded cytosolic analogs
per a certain amount of surface area of the probe and a fixed, experimentally derived,
binding constant. The picture that emerges is that in the cytosol, depletion forces
will only have a minor impact on the interactions between small macromolecules. For
monomeric proteins, our experimental results and model suggest that depletion in-
teractions and non-specific associative interactions balance out almost completely at
physiologically relevant conditions (Figure 3.5 and Figure 3.8D-E). On a monomeric
protein level, this balance avoids dominance of non-specific interactions (such as de-
pletion and weak associative interactions, which are always present in such crowded
environments) over specific, functional interactions. In contrast, large macromolecu-
lar (RNA, proteins) complexes as well as fibrillar proteins will increasingly experience
the effect of depletion interactions, which at high overlap volumes can overwhelm
non-specific associative interactions with the crowded background. This implies that
intracellular macromolecular binding constants are finely tuned to exploit depletion
forces while avoiding large scale aggregation.
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Chapter 4
Dynamic coacervates as
membraneless organelles
Membraneless organelles are non-membrane bound, liquid structures in living cells that
perform specific functions, such as ribosome synthesis in nucleoli and mRNA turnover
in P-bodies. Unlike membrane bound organelles, these structures show strong dy-
namic behavior, such as fusion, splitting, formation and dissolution. These organelles
strongly resemble complex coacervates, as both are viscoelastic, phase separated liquid
droplets. We designed a complex coacervate system which is sensitive to the output
of a rationally designed enzymatic oscillator. As the cationic component of our coac-
ervate system we synthesized a oligopeptide that can be degraded by the peptidase
trypsin. The out-of-equilibrium enzymatic network generates oscillations of active
trypsin which can degrade the oligopeptide at high trypsin concentrations, leading
to dissolution of the coacervate structures. With this system, oscillations in active
trypsin directly result in oscillations of complex coacervate formation and dissolution.
This study illustrates a potential way in which living organisms can modulate mem-
braneless organelles and shows that reaction networks can tune liquid-liquid phase
separations.
Parts of this chapter have been published:
S. N. Semenov, A.S.Y. Wong, R.M. van der Made, S.G.J. Postma, J. Groen, H.W.H.
van Roekel, T.F.A. de Greef and W.T.S. Huck. “Rational design of functional and tun-
able oscillating enzymatic networks”. In: Nature Chemistry 7.2 (2015), pp. 160–165.
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4.1 Introduction
Subcellular organelles, such as the endoplasmic reticulum, mitochondrium and nu-
cleus are all separated from the cytosolic solution by a membrane. These boundaries
support a clear separation of incompatible reaction environments. For example, the
interior environment of the lysozome is much more acidic (pH 4.5-5.0) than the cytosol,
which is an ideal environment for the various peptidases needed for the degradation of
proteins.1 In addition, bilayer boundaries between the cytosol and an organelle sup-
port the generation of transmembrane gradients, such as the proton gradient over the
mitochondrial membrane which is essential for ATP production in oxidative phospho-
rylation.
However, recently many subcellular structures have been discovered that are not
enclosed by a bilayer membrane. These cellular structures show liquid behavior and
are often transient in nature. Examples of these ’membraneless organelles’ are nucleoli,
lipid rafts and P-granules (Figure 4.1).2–4 In addition, several different non-membrane
Figure 4.1: P-granules exhibit fluid-like behavior. In this picture, P-granules (red outline)
drip and fuse around the nucleus of a cell (white outline). Figure adapted from Brangwynne
et al. 2009.2
bound suborganelles can be distinguished in the eukaryotic nucleus, including Cajal
bodies and nucleoli.5 These structures appear to be phase separated from the sur-
rounding medium, having clear boundaries with the surrounding solution but no lipid
membrane. These observations have led to the hypothesis that many non-membranous
cellular structures are formed by liquid-liquid demixing.
Hyman and Simons6 postulate three classes of molecules involved such liquid-liquid
phase separations: molecules that drive phase separation (class I), molecules that have
specific interactions with class I molecules (class II) and compounds that localize to
the coacervate phase by selective partitioning (class III). As many non-membrane
bound organelles consist mainly of nucleic acids and protein (P-granules, nucleoli, Ca-
jal bodies, PML-bodies),7 these molecules are presumably directly involved in phase
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separation (class I). Multivalency and low-complexity protein sequences were found
to be important factors in phase separation.8,9 Furthermore, modifications of macro-
molecules were shown to be able to affect phase separation and partitioning. An
example is tyrosine phosphorylation of nephrin, which was shown to shift the phase
boundary of complex coacervation from micromolar to nanomolar concentrations of
N-WASP.8
In a recent study, specific interactions that support phase separation were iden-
tified. These include electrostatic interactions, cation-π interactions, hydrophobic in-
teractions and dipole-dipole interactions.10 The nature of these interactions can tune
for example the salt sensitivity of these phase separations, as electrostatic interactions
are destabilized in solutions with high ionic strength whereas hydrophobic interactions
are stabilized under such conditions, as shown in Figure 4.2.
Figure 4.2: Different molecular interactions of components of membranesless organelles
result in different salt sensitivities of the resulting phase separation. Figure adapted from
Brangwynne et al. 2015.10
These membraneless organelles strongly resemble complex coacervate structures,
as both are condensed liquid phases which show viscoelastic behavior.11,12 However,
as illustrated in Figure 4.2, complex coacervates are predominantly formed by electro-
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Figure 4.3: P-granules (green) in a C. elegans embryo. Time is relative to pr0nuclear
meeting (pnm). While initially distributed homogeneously, P-granules rapidly dissolve in the
anterior region and nucleate on the posterior side. Figure adapted from Brangwynne et al.
2009.2
static interactions while membraneless organelles utilize many different interactions to
tune their properties.
An interesting observation is the formation and dissolution of membraneless or-
ganelle structures. As these organelles are formed by specific interactions between
components, a weakening of these interactions or the degradation of one of the compo-
nents can lead to dissolution of the phase separated structure. For example, P-granules
shown dynamic behavior in C. elegans embryo’s. While P-granules are initially dis-
tributed homogeneously over the cell, these structures rapidly localize to the posterior
half of the cell. Subsequently, the cell divides to yield two daughter cells: one con-
taining P-granules and one containing no P-granules (see Figure 4.3).2 This symmetry
breaking is induced by a lowering of the critical condensation concentration in the
posterior region of the embryo. This causes P-granule structures to nucleate, while
soluble components on the anterior side can diffuse rapidly to the posterior side. This
causes an almost complete depletion of P-granule components on the anterior of the
cell. Gradients in polarity of proteins are thought to be responsible for the gradient
in the critical condensation point across the embryo.
In cellular systems, concentration gradients of components can be generated by
reaction-diffusion processes. An example of such a processes is the bacterial Min
system, where protein oscillations of so-called Min proteins determine the midcell
division plane of E. coli cells.13 This oscillatory system has been reconstituted in vitro
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Figure 4.4: A rationally designed enzymatic oscillator based on trypsin. A Network
topology. B Network topology with molecular structures. C Trypsin profiles of subsections
of the network. D Experimental setup of the CSTR. E This newtork is capable of producing
sustained trypsin oscillations for >60 hours.16
using a minimal amount of components and shows robust oscillations.14,15
To study the effects of oscillations on phase separated structures resembling mem-
braneless organelles, we need a functional oscillatory output. An oscillatory enzymatic
network was developed by rational design to study enzymatic oscillations in a contin-
uously stirred tank reactor.16 This network employs the autocatalytic activation of
trypsinogen into trypsin, a serine protease.17 A delayed negative feedback loop is con-
structed from a small molecule proinhibitor, which is first cleaved by trypsin and
subsequently cleaved by aminopeptidase to yield an active trypsin inhibitor. This
network, designed by Semenov, Wong et al., is shown in Figure 4.4.
In this study, we aim to study the effects of oscillations of a peptidase enzyme on
complex coacervates, which we use as a model system for membraneless organelles.
We need to construct a complex coacervate system that has a cationic components
which can be degraded by trypsin. This degradation should theoretically result in
a reduction in charge number of individual cations. Eventually, the lower charge
number of individual cations will result in an increase in salt sensitivity, leading to
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dissolution of the coacervate phase. Alternatively, cations can be fully degraded to
their monovalent form, thereby completely abolishing the multivalency needed for
complex coacervation. Importantly, the complex coacervates have to be sensitive to
trypsin concentrations in the range of what can be provided by the oscillating network.
After developing a coacervate system sensitive to relevant trypsin concentrations, we
will study the effects of the output of the network on these complex coacervates.
4.2 Experimental details
4.2.1 Screening cationic components
An initial screen of poly-L-glutamic acid sodium salt (MW 5-15 kDa) and poly-
L-lysine hydrobromide (MW 15-30 kDa) was performed. Poly-L-glutamic acid (H-
Glu(Glu)20-99-OH) stock solutions were prepared in a 2.19 mM stock in 20 mM Tris-
HCl (pH 7.7). Coacervate samples consisted of 10 mM charge anion (168 μM poly-L-
glutamic acid), 10 mM charge cation (93 μM) and 20 mM Tris-HCl pH 7.7. 1 μM of
trypsin was added and the sample was incubated at room temperature. Presence of
coacervates was determined by studying optical turbidity and light microscopy on an
inverted microscope (Olympus IX81).
A second sample containing 2 mM of charge anion (34 μM poly-L-glutamic acid),
2 mM of charge cation (27 μM GFP-K72) and 20 mM Tris-HCl pH 7.7. 1 μM of
trypsin was added and the sample was incubated at room temperature. Presence of
coacervates was determined by optical turbidity and light microscopy on an inverted
microscope (Olympus IX81).
4.2.2 Synthesis coacervate polycation
Polycation Ac-[Lys-Ser]6-Lys-OH was synthesized using a standard Fmoc solid phase
peptide synthesis (SPPS) protocol on a Wang resin.18,19 1.5 g Wang resin functional-
ized with α-Fmoc-ε-Boc-L-lysine (0.75 mmol/g) was swollen in DMF for 20 minutes
prior to use. Fmoc protecting groups were removed by washing the resin with 15 mL
20% piperidine in DMF, followed by shaking for 20 minutes with another portion of
15 mL piperidine in DMF. Fmoc-Ser(tBu)-OH (1.30 g, 3 eq.) and Fmoc-Lys(Boc)-OH
(1.58 g, 3 eq.) were alternatingly coupled to the resin with diisopropylcarbodiimide
(DIPCDI, 3.3 eq.) and N-hydroxybenzotriazole (HOBt, 3.6 eq.). Peptide couplings
were monitored using Kaiser tests until completion was reached.20 After each cou-
pling, the resin was briefly washed with DMF and subsequently an excess of acetic
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anhydride and pyridine (>10 eq., 1:1 v/v) was added to the resin. After five min-
utes, the resin was washed again with DMF to complete a coupling cycle. After the
final coupling the remaining Fmoc group was removed and the resin was treated with
an excess of acetic anhydride and pyridine (>10 eq., 1:1 v/v). Next, the resin was
washed with DMF (3x20 mL), dichloromethane (3x20 mL), methanol (3x20 mL), and
again dichloromethane (3x20 mL) before the peptide was cleaved from the resin by ap-
plying a mixture of trifluoroacetic acid (TFA)/water/thioanisole (90:5:5, 20 mL) for 8
hours. The peptide was precipitated and washed in diethyl ether (Et2O, 3x80 mL) and
air-dried overnight. The crude peptide was purified by preparative HPLC (5%-25%
acetonitrile in H2O with 0.1% TFA), affording the final product (at retention time 3.65
min) as a white powder after lyophilization. Yield: 104.5 mg (6%). FT-IR (cm-1): 3250
Figure 4.5: Structure of the Ac-{Lys-Ser]6-Lys-OH cation.
(νNH), 1674 (νCO), 1652 (νNH3+), 1525 (νNH3+); 1H NMR: (500 MHz, D2O) δ = 4.35
(m, 6H, CH-2), 4.31 (m, 6H, CH-7), 4.20 (m, 1H, CH-18), 3.78 (m, 12H, CH2- 1), 2.93
(m, 14H, CH2-13,23), 1.97 (s, 3H, CH3-27), 1.81 (m, 7H, CH2-8,19), 1.69 (m, 7H, CH2-
8,19), 1.62 (m, 14H, CH2- 14,24), 1.39 (m, 14H, CH2-15,25); 13C NMR: (126 MHz,
D2O) δ = 174.62 (s, CO C-20), 163.09 (s, CO C-9,16), 61.03 (s, CH2 C-1), 55.57 (s,
CH C-7), 53.52 (s, CH C-2), 39.14 (s, CH2 C-13,23), 30.26 (s, CH2 C-18,19), 26.20 (s,
CH2 C-14,24), 21.97 (s, CH2 C-15,25), 21.65 (s, CH2 C-27); 162.80 (s, CF3COO- CO),
116.31 (q, 1 JC-F = 291.73 Hz CF3COO- CF3); LCQMS-ESI (Da): m/z observed:
494.1 for C62H121N20O21 [M+3H]3+, 740.5 for C62H120N20O21 [M+2H]2+, 1480.8 for
C62H119N20O21 [M+H]+ ; m/z calculated 493.97 for [M+3H]3+, 740.49 for [M+2H]2+,
1480.89 for [M+H]+ . HRMS-ESI (Da): m/z observed: 1480.8937 for C62H119N20O21
[M]+; m/z calculated: 1478.8742 for [M]+.
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4.2.3 Polycation cleavage
Polycation (Ac-(KS)6-K-OH, see Figure 4.1) was dissolved to 25 mM stock in 20 mM
Tris-HCl pH 7.7 An H-NMR study was performed on 20 mM Tris-HCl pH 7.7, 20 mM
CaCl2 , 5 mM Ac-[KS]6 -K-OH and 1 μM trypsin, where the decrease in resonance of
the chiral H-atom was followed in time.
To see if Ac-(KS)6-K-OH could be degraded when complexed as a coacervate, 1
μM of trypsin was added to a sample containing 32 mM of charge anion (0.535 μM
poly-L-glutamic acid), 44 mM of charge cation (6.25 mM GFP-K72) and 20 mM Tris-
HCl pH 7.7. The sample was incubated at room temperature. Presence of coacervates
was determined by optical turbidity and light microscopy on an inverted microscope
(Olympus IX81). The point of coacervate dissolution was timed and determined by
light microscopy.
4.2.4 Control experiment known trypsin concentrations
A control experiment was performed by adding 5 μL solutions of known trypsin concen-
trations (in 100 mM Tris-HCl pH 7.7 and 20 mM CaCl2) to 15 μL coacervate samples
containing STI (final concentration 0.25 μM). Samples were vortexed and incubated
for 10 minutes at room temperature. The presence of coacervates was determined as
described in section 4.2.3.
4.2.5 General setup of CSTR experiments
The setup of a typical continuous stirred tank reactor (CSTR) experiment is depicted
in Figure 4.2. The CSTR has a volume of 250 μL, is made of polydimethylsiloxane
(PDMS), uses built-in temperature control, and is fed by four separate inlets to supply
for trypsinogen, trypsin, aminopeptidase, and proinhibitor.
4.2.6 Fabrication of reactors
CSTRs were prepared by covering a brass cylinder and a bent copper tube with a mix-
ture of 9 wt% Sylgard® 184 silicone elastomer curing agent crosslinker in Sylgard® 184
silicone elastomer base, which was degassed under reduced pressure. After polymer-
ization of the elastomer mixture at 65 °C for 2 hours, solid PDMS was formed. Then
the brass cylinder is removed, leaving a cavity that would serve as the reactor. Holes
for the in- and outlets were punched into the PDMS, and the reactor was bonded to
a glass surface via oxygen plasma treatment. Then, the reactor was put to 100 °C
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Figure 4.6: Setup of a typical CSTR experiment. A Four syringes (three depicted)
mounted on pumps are connected to the CSTR via inlet tubing. The outlet tubing is con-
nected to a fraction collector. B Close-up of the 250 μL volume CSTR made of PDMS,
with the outlet tubing on the left and the four inlets on the right. A copper tube, which is
connected to a thermostatic water bath, encircles the CSTR (without making contact with
the contents of the CSTR), enables control over the temperature of the CSTR. A magnetic
stirring bar is present in the CSTR to ensure rapid mixing of the inflowing compounds.
overnight. Finally, Teflon tubing with appropriate inner diameters (0.56 mm for in-
lets, 0.38 mm for outlets) was inserted into the punched holes, and silicon tubing was
connected to the copper tube to enable a connection to a thermostatic water bath.
4.2.7 Preparation of solutions
Trypsin, trypsinogen, and proinhibitor were weighed and dissolved to obtain the solu-
tions as listed in Table S4. Aminopeptidase was stored as a 2.4 mg/mL suspension in
ammonium sulphate ((NH4)2SO4). (NH4)2SO4 was washed away by filtration, yielding
a residue containing aminopeptidase. The residue was dissolved in a buffer solution,
and centrifuged again to obtain the aminopeptidase solution in the flow through. The
solutions were loaded into syringes, and applied to the CSTR during the experiment
at different flow rates. The fraction of the total flow rate is listed per solution in
Table 4.1 (e.g. trypsinogen is applied at 27.5 μL/h at a total flow rate of 55 μL/h).
Although the total flow rate may vary between CSTR experiments, the fractions re-
mained constant. Throughout the experiment, solutions were kept in syringes at
room temperature. Acidic conditions in the trypsinogen and proinhibitor solutions
prevented autoactivation and hydrolysis, respectively. In the trypsin solution, 20 mM
Ca2+ was present to avoid autolysis.
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Compound Concentration insyringe Buffer solution
Fraction of total
flow rate
Trypsinogen 8 mg/mL, 338 μM 4 mM HCl, 36 mMCaCl2
0.5
Trypsin 0.027 mg/mL, 1.16
μM
500 mM Tris, 20.5
mM CaCl2, pH 7.7
0.2
Proinhibitor 4.72 mg/mL, 7.68mM 2 mM HCl 0.2
Aminopeptidase 0.330 U/mL 10 mM Tris, 10mM MgCl2, pH 7.7
0.1
Table 4.1: Solutions of compounds loaded into syringes for CSTR experiments and the
fraction of the total flow rate, which signifies at what rate the solution is flown into the
CSTR. The final buffer solution in the reactor is 101 mM Tris, 22 mM CaCl2, 1 mM
MgCl2, pH 7.7.
4.2.8 Experimental setup
Poly-L-glutamic acid (H-Glu(Glu)20-99-OH) stock solutions were prepared in a 2.19
mM stock in 20 mM Tris-HCl (pH 7.7). Polycation (Ac-(KS)6-K-OH, see Figure 4.1)
was dissolved to 25 mM stock in 20 mM Tris-HCl pH 7.7, with 0.93 μM Soybean
Trypsin Inhibitor (STI). The final STI concentration after mixing is 0.35 μM. Coacer-
vation was achieved by mixing equal volumes of polyanion and polycation solutions.
Unless stated otherwise, 7.5 μl of each solution was combined, and vortexed to mix.
With conditions equal to the ones listed in Table 4.1, the 250 μL reactor was fed with
trypsinogen, trypsin, aminopeptidase, and the proinhibitor, producing oscillations in
trypsin activity. The total flow rate and aminopeptidase concentration were selected
and fixed at respectively 55 μL/h and 0.330 U/mL. Fractions were collected from the
outlet tubing (0.36 mm inner diameter Teflon tubing) of the reactor. Alternatingly,
fractions were used to either determine the concentration of trypsin or to monitor
coacervate formation.
4.2.9 Determination of coacervate formation
From each fraction collected from the outflow of the CSTR, 5 μL was added to a batch
reactor containing 25 μL of a diluted complex coacervate solution (final concentrations
of 6.25 mM polycation, 0.535 mM polyanion and 2.3 μM STI) prepared as described
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in section 4.2.2. After analyzing the contents of the CSTR for 18 hours, the final con-
centration of STI was increased to 4.7 μM. Samples were vortexed and incubated for
10 min at room temperature. The presence of coacervates was determined by optical
microscopy and turbidity measurements. Mixtures were thoroughly vortexed before
triplicate absorbance measurements at 600 nm on a NanoDrop 1000 spectrophotome-
ter, using 2 μL of sample per measurement. Turbidity used is expressed in absorption
units (a.u.). Some coacervate samples were imaged, after incubation, on an inverted
microscope (Olympus IX81). A schematic of the experimental setup is shown in Figure
4.7.
Figure 4.7: Droplets are collected from the CTSR and incubated 10 minutes with prepared
complex coacervate samples. Presence of coacervates was determined by microscopy and
turbidity measurements.
4.2.10 Determination of active trypsin concentration
To measure trypsin activity, a quartz cuvette (path length 1.00 cm) was filled with
3 mL of bis- (Cbz-L-Arg)-Rhodamine (5.1 μM in 50 mM Tris buffer, pH 7.7) and
placed askew below the outlet tubing of the reactor where the droplet was growing.
Average droplet sizes were determined for each experiment individually by weighing
the droplets. After collecting the droplet and rapid mixing, the cuvette was placed
into a fluorescence spectrometer and kinetics were measured for 40 seconds with an
interval of 0.2 seconds. The fluorescent signal was converted to trypsin concentration
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using the following formula:
[Tr] = F
∗S
d
(4.2.1)
In which S is the slope of the increase in fluorescence, F is the coefficient from the
calibration curve, d is the ratio of the average drop size for the particular experiment
to the sample size used for the calibration curve. 95 % confidence intervals for each
point of trypsin concentration were calculated according to the formulas:
∆[Tr] = [Tr]∗εTr (4.2.2)
εTr = εF + εS + εd (4.2.3)
Where εF , εS,εd, are relative experimental errors for the slope of the increase in
fluorescence, coefficient from the calibration curve, and the ratio of the average drop
size for the particular experiment to the sample size used for the calibration curve,
respectively. All errors were calculated for 95 % confidence using student statistics.
εF , εS, were calculated by a linear fitting process in Origin Lab 9.0. εd was calculated
from a population of 10 independently collected and weighed drops and was found to
be 2.2 %. A calibration curve for the concentration of trypsin was prepared by this
method and used in subsequent calculations.
4.3 Results and Discussion
4.3.1 Developing trypsin-sensitive complex coacervates
Cationic components of complex coacervates need to contain arginine or lysine residues
to be sensitive to degradation by trypsin. We tested the effects of trypsin on complex
coacervates composed of poly-L-glutamic acid (H-Glu(Glu)20-99-OH) and poly-L-lysine
(H-Lys(Lys)72-144-OH), a system which was studied previously.21 With the addition of
1 μM of trypsin, these coacervates remain stable for over 2 hours (data not shown).
Despite the fact that polylysine can be degraded by trypsin,22 this degradation yields
smaller cations that still retain high charge number and charge density and can there-
fore still sustain complex coacervation. To have a quick response to trypsin fluctua-
tions in the micromolar range, we need a cationic coacervate component that is more
sensitive to trypsin degradation.
Subsequently, we studied degradation of a cation based on a strongly positively
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Figure 4.8: A GFP-K72 is an ELP molecule containing 72 lysine residues labeled with a
GFP. B GFP-K72 forms fluorescent complex coacervates when mixed in a 1:1 charge ratio
with poly-L-glutamate. C Two coacervate suspensions of GFP-K72 and pol-L-glutamate, the
right sample was incubated 5 minutes in the presence of 1 μM trypsin, the left sample was
incubated without trypsin. The left sample contains a light scattering coacervate suspension
that obscures the writing whereas the right sample contains no coacervate suspension. This
was confirmed by fluorescence microscopy.
charged elastin-like polypeptide (ELP) fused to a GFP, hereafter called GFP-K72 (see
Figure 4.4A).23 This ELP contains lysine residues spaced approximately 10 residues
apart. When mixed with poly-L-glutamate in a 1:1 charge ratio, fluorescent com-
plex coacervates are obtained (Figure 4.4B). The low charge density of GFP-K72
causes coacervates of this molecule to be very sensitive to charge screening or trypsin
degradation. Indeed, we were unable to form complex coacervates under any solu-
tion conditions with GFP-K36,23 a shorter ELP containing 36 lysine residues in the
ELP chain. This implies that a single cleavage event can be enough to ’inactivate’
GFP-K72 as a coacervate component. Indeed, when incubated with 1 μM of trypsin
at room temperature, complex coacervates disappear within 1 minute (Figure 4.4C).
This shows that trypsin is able to cleave GFP-K72, even when this cation is complex
to a polyanion. However, when this coacervate system was combined with the output
solution of an CSTR trypsin oscillation experiment, the coacervate was determined to
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Figure 4.9: Cleavage of Ac-[KS]6-K-OH by trypsin, solution contains 20 mM Tris-HCl
pH 7.7, 20 mM CaCl2, 5 mM Ac-[KS]6-K-OH and 1 μM trypsin. Conversion is followed
by decrease in resonance of Ser-Lys chiral H’s, which is the integral at 4.3 ppm.
be too sensitive to ionic strength and would show dissolution of the coacervate phase
even in the presence of high concentrations of soybean trypsin inhibitor (STI).
We therefore decided to design and synthesize a polycation that would fit the
reaction conditions present in the trypsin oscillator and would provide a coacervate
system that was sensitive to trypsin, yet robust enough to be stable under moderate
salt conditions. We synthesized a short polypeptide by SPPS, containing Lys-Ser
repeats. Although trypsin cleaves more efficiently on the carboxyl side of arginine
than lysine, we opted for lysine as arginine can provide additional problems during
SPPS. We choose serine as the other residue for a number of reasons. Firstly we
chose a hydrophilic residue to prevent solubility issues. Secondly, tBu protected serine
provides little problems in Fmoc-based SPPS. But most importantly, this a lysine
flanked by serine residues forms a fast cleavage site, but not extremely fast.24 We
therefore synthesized the polypeptide Ac-[KS]6-K-OH (see section 4.2.2). This cation
has a net charge of +7 at pH 7.7.
4.3.2 Cleavage of Ac-[KS]6-K-OH by trypsin
First, we followed cleavage of Ac-[KS]6-K-OH by H-NMR to determine the kinetics
of the degradation of this compound. The compound has a half-life of ~5 minutes
in the presence of 1 μM trypsin (see Figure 4.9). However, this control experiment
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Figure 4.10: Cleavage of Ac-[KS]6-K-OH by different concentrations of trypsin when
incubated for 15 minutes. Underscored conditions fully dissolve complex coacervates within
15 minutes. Aminopeptidase does not cause coacervate degradation.
was performed in solution, while the cation needs to be degraded when complexed
to poly-L-glutamic acid. We therefore performed an experiment identical to the one
shown in Figure 4.8, with different concentrations of trypsin and aminopeptidase (see
Figure 4.10).
Soybean trypsin inhibitor (STI) at a concentration of 1.25 μM could fully inhibit
the degradation of complex coacervates by 1 μM trypsin. When increasing the trypsin
concentration in the presence of 0.25 μM STI and incubating for 10 minutes, a steep
transition in turbidity (600 nm) at was measured at 0.5 μM trypsin using a Nanodrop
1000 spectrophotometer. The presence of complex coacervates at 0.2 μM trypsin and
the absence of coacervates at 0.5 μM trypsin were confirmed by optical microscopy
(see Figure 4.11).
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Figure 4.11: A Turbidity measurements of coacervate suspension in a Nanodrop 1000
spectrophotometer. Red dashed line indicates STI concentration. B 0.2 μM trypsin was
inhibited by STI and does not degrade complex coacervates within 10 minutes. C 0.5 μM
trypsin will degrade complex coacervates within 10 minutes.
4.3.3 CSTR output and complex coacervates
To study the effect of the output of the CTSR containing the trypsin oscillator, we
added 5 μl of the output of the reactor to a coacervate suspension (see section 4.2.8).
Alternating output fractions of the reactor were analyzed to determine concentrations
of active trypsin, as described in section . After 10 minute incubation at room tem-
perature, we determined the presence of coacervates by turbidity measurements and
optical microscopy. We added STI to the coacervate suspension to prevent degra-
dation of coacervates at the minima of the trypsin oscillations. A concentration of
2.3 μM STI was chosen as the amplitude of the trypsin oscillation was known from
a previous experiment (Figure 4.4E). This concentration was increased to 4.7 μM be-
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Figure 4.12: A Conversion of oscillations in trypsin concentration to the disassembly
of complex coacervates formed by polycation (Ac-(Lys-Ser)6-Lys-OH) and polyanion (H-
Glu(Glu)20-99-OH). Fractions collected from the outflow of CSTR were mixed in batch re-
actors containing a solution of polyelectrolytes (1:1 charge ratio) and STI ([STI]0–18 h=2.5
μM, [STI]>18 h=5.0 μM). B The complex coacervate phase, formed by polyanions (blue)
and polycations (purple) is disassembled by trypsin by degradation of the cationic compo-
nent. C The presence of complex coacervates at low active trypsin (t=5.5h) and absence of
coacervates at high active trypsin (t=24.3h) is confirmed by light microscopy.
cause the baseline of the trypsin oscillation showed a slight increase over time. As
shown in Figure 4.12, oscillations of trypsin result in oscillations in the dissolution
and formation of complex coacervates. At low trypsin concentrations, STI concen-
trations are higher than active trypsin concentrations and the cationic oligopeptide is
not degraded, resulting in the presence of complex coacervates. At high trypsin con-
centrations, active trypsin degrades the cationic component of the coacervates (Figure
4.12B) and complex coacervates dissolve. The presence of complex coacervates in
high turbidity samples and the absence of coacervates in low turbidity samples was
confirmed by light microscopy (Figure 4.12C).
4.4 Conclusions
Membraneless organelles are dynamic, phase separated cellular structures showing
fluidics characteristics. These organelles show wetting, fusion, dissolution and spon-
taneous formation.3,6,25,26 Living systems can generate chemical oscillations27,28 and
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reaction-diffusion systems14,15 to organize their chemical processes in time and space.
By constructing a complex coacervate system that can be degraded enzymatically, we
aim to introduce dynamics in these structures using an oscillating network.
We use complex coacervates as a model system for these structures, as the material
properties of complex coacervates resemble those of membraneless organelles11,12 and
can be formed by biomolecules such as nucleic acids and peptides.29 These coacervates
are formed by the associative phase separation of RNA and the cationic oligopeptide
Ac-[KS]6-K-OH. This cation is cleaved succesfully by the peptidase trypsin at the
carboxyl side of the peptide bond, leading to degradation of the molecule and the
lowering of the net charge of individual cations. Eventually, this degradation leads to
the dissolution of the coacervate phase.
We obtained dynamic formation and dissolution of complex coacervates by com-
bining the abovementioned system with the output of a rationally designed trypsin
oscillator.16 By including a small amount of STI in the coacervate mix, degradation
of complex coacervate cations can be completely inhibited at the minima of the os-
cillations while above the STI threshold, cations are degraded efficiently and complex
coacervates fully dissolve.
Work by Keating and colleagues has shown that reversible peptide modification
such as serine phosphorylation can lead to reversible formation and dissolution of com-
plex coacervates by changing the net charge of the cationic coacervate component.30
However, the dynamic behavior in this system requires interventions as the reaction
conditions of the kinase and phosphatase are incompatible. With this work, we show
that this dynamic behavior of coacervate formation and dissolution can be constructed
in vitro by combining an out-of-equilibrium network, such as an oscillator, and a com-
plex coacervate system designed to be sensitive to the output of this network. Using
this approach, the coacervate system will keep oscillating between the phase separated
and homogeneous states as long as it is kept out-of-equilibrium.
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Chapter 5
Fragmentation of complex
coacervates by a bacterial
cytoskeletal element
Non-membrane bound compartments of complex coacervates have been widely studied
as a protocell model. However, strategies to control the shape and division of these
equilibrium structures remain elusive. Here, we demonstrate that complex coacervates
can use dissipative structure formation of a bacterial cytoskeletal element to change
coacervate shape and induce fragmentation. We generate complex coacervates from
a positively charged elastin-like polypeptide, RNA and FtsZ, a prokaryotic tubulin
analog. When supplied with GTP, FtsZ forms protofilaments which subsequently as-
semble into large, dynamic bundles inside the complex coacervates. These bundles are
able to strongly deform the liquid compartments as long as GTP is supplied to keep the
system out-of-equilibrium. Upon the addition of at least 0.6 g/L of FtsZ, coacervates
undergo fragmentation to generate multiple coacervate daughter protocells.
Parts of this chapter have been submitted for publication:
J. Groen, E. te Brinke, A. Herrmann, H.A. Heus and W.T.S. Huck. “Fragmentation
of complex coacervate protocells by a bacterial cytoskeletal element”. Submitted to
Angewandte Chemie International Edition (2016)
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5.1 Introduction
In a bottom-up approach to build artificial cells, so called protocells, certain charac-
teristic components and functionalities of living systems need to be considered (Figure
5.1). Firstly, for a living system to become subject to natural selection and evolution
it needs a ’self’, an identity that distinguishes it from other individuals. Therefore,
the system requires a boundary, a separation between itself and the environment. In
living systems, such boundaries are formed by container structures such as lipid vesi-
cles, which physically separate the environment from the vesicle lumen.1–3 In addition,
an informational polymer is needed to transfer information through replication and
support inheritance of functional information.4 This informational functionality is im-
portant for variation and the emergence of natural selection. Finally, living systems
are out-of-equilibrium and a primordial metabolism is needed to convert resources into
building blocks and generate the dissipative chemistry that allows living systems to
’circumvent’ the second law of thermodynamics.5 In living systems, these components
and functionalities are intricately connected. Most studies on protocells and prebiotic
chemistry have focused on single, isolated functionalities. Currently, however, a lot
of work is being done on the integration of multiple functionalities, specifically the
combination of informational polymers and container structures.6–8
Inspired by the compartmentalization strategies used in biological systems, pro-
tocellular compartments are often generated from self-assembled amphiphiles in the
form of lipid or fatty acid vesicles1,9 and polymersomes.10 These model systems are
widely studied and have been shown to be able to grow and divide9,11 and support non-
enzymatic RNA replication7 and cell-free gene expression in the vesicle lumen.6 Figure
5.2 shows significant progress made by Mansy et al. 2008, where growth and division
of a fatty acid vesicle is combined with template-directed nucleic acid polymerization
inside the vesicle lumen.
The main drawback of container structures based on amphiphiles, however, is the
impermeability of these structures to many solutes,12 which severely limits the poten-
tial for complex chemistry in the vesicle lumen without the need for complicated trans-
port machinery to allow for the uptake of large, hydrophilic and charged molecules.
A compartmentalization strategy that circumvents this problem is liquid-liquid phase
separation.
Complex coacervation is an example of liquid-liquid phase separation. Complex
coacervation is the associative phase separation of oppositely charged polyelectrolytes
to form a phase enriched in oppositely charged polyelectrolytes and a dilute phase
that is depleted of polyelectrolytes.13 This form of liquid-liquid phase separation is
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Figure 5.1: Living systems contain at least three essential components: a container, a
metabolism and inhertiable information. Combined, these components give rise to several
functionalities, such as evolveability, self-identity, growth and reproduction. Figure adapted
from Rasmussen et al. 2009.3
a powerful means of compartmentalization and has been explored extensively as an
alternative protocell model to vesicles.14–17 Characteristics of living cells that are also
present in complex coacervates are, among other things, the fact that they can main-
tain different salt concentrations from their environment and are extremely crowded
with macromolecules.18–20 Coacervates also have several advantages over compart-
ments that are self-assembled out of amphiphilic molecules. They form a dense, con-
centrated, viscoelastic phase21 from a relatively dilute solution of macroions, whereas
vesicles require high concentrations of amphiphilic molecules and are very sensitive to
osmotic shock and physical agitation. Moreover, macromolecular crowding is induced
in coacervates by the associative phase separation, whereas vesicular structures need
to from in very crowded solution to achieve a crowded lumen. This make the formation
of highly crowded structures prebiotically much more plasuible in coacervates, as these
do not require an extremely crowded starting solution. Molecules with high partition
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Figure 5.2: Vesicle growth and division is achieved by feeding a vesicle suspension with
micelles and dividing elongated vesicles by physical agitation. Simultaneously, activated nu-
cleotides can permeate the membrane and polymerize in a template directed manner. Figure
adapted from Mansy et al. 2009.7
coefficients can also concentrate very strongly inside complex coacervates, whereas
vesicles cannot support strong concentration gradients without complicated transport
mechanisms. And, in contrast to amphiphilic structures, molecules can freely parti-
tion between the coacervates phase and the environment without the need to cross a
hydrophobic barrier. Despite the lack of a barrier between the coacervate and dilute
phase, partition coefficients of certain compounds into the coacervate phase can be
very low and therefore certain compounds will be mostly excluded from the coacer-
vate phase. Protocells based on simple and complex coacervates have been shown to
display interesting properties, including enhanced enzyme catalysis22 and strong par-
titioning of inorganic and organic molecules.16,23 However, unlike vesicle protocells, no
plausible mechanism for controlled division of complex coacervate protocells has been
proposed.
Fatty acid protocells can grow and divide by the uptake of amphiphilic molecules
from the environment and subsequent fragmentation by physical agitation.9 As com-
plex coacervates have very low surface tension,24 they can potentially be fragmented
by shear forces in a similar manner. Such strategies for division are, however, in stark
contrast to the extensively regulated division machinery employed by living cells. Liv-
ing systems are out of equilibrium and control their division by the generation of
dissipative structures. This offers cells significant chemical control over their growth
and division, rather than relying on external physical forces.
Division in living cells requires strong involvement of the cytoskeleton, as cytoskele-
tal elements can form dissipative structures that can serve as a scaffold and exert sig-
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nificant force. Examples are microtubule spindles which segregate chromosome during
mitosis and cytokinesis during cell division by actin filaments in eukaryotes. In E.
coli, a tubulin analog and GTPase called FtsZ is strongly involved in cell division,
as it forms the Z-ring in the septum of dividing cells.25 When bound to GTP, FtsZ
monomers assemble into single-monomer-thick protofilaments. These filaments are
sensitive to depletion forces and can laterally interact under crowded conditions to
form bundles.26–29 Subsequent GTP hydrolysis by FtsZ results in depolymerization of
the protofilaments and bundles and dissipation of the structure.
We decided to study FtsZ in complex coacervates, as coacervates provide a signif-
icantly crowded environment that can support FtsZ bundling. The forces generated
by FtsZ protofilament growth and bundle formation, combined with the inherent low
surface tension of complex coacervates, can potentially lead to significant deformation
of coacervate droplets. Subsequent depletion of GTP should result in the dissolution
of FtsZ structures and return the system to equilibrium.
5.2 Experimental details
5.2.1 Materials
Ribonuleic acid from Torula yeast (type VI), GTP, GDP, magnesium glutamate,
HEPES and β,γ-methyleneguanosine 5´-triphosphate sodium salt (GppCp) were ob-
tained from Sigma Aldrich. The pET-25b(+)-GFP-K72 plasmid was a kind gift from
prof. dr. Andreas Herrmann (University of Groningen, Groningen). Purified FtsZ
and Alexa647-FtsZ were kindly donated by prof. dr. Germán Rivas (CSIC, Madrid).
5.2.2 GFP-K72 purification
GFP-K72 protein was purified as previously described by Pesce et al. 2013.30 This
protocol was modified by the addition of 100 mg of lysine and proline to 1L of TB
medium, which increased the protein yield over 10-fold compared to yields described
by Pesce et al. Protein was determined to be >95% pure by gel electrophoresis and
was extensively dialyzed against MiliQ. Aliquots were snap-frozen in liquid nitrogen
and stored at -80ºC.
5.2.3 Sample preparation
Unless specified, samples were prepared as follows:
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Master mix:
- 0.2 μl 1M HEPES pH 8.0 (25 mM final concentration)
- 0.2 μl 200 mM magnesium glutamate (5 mM final concentration)
- 0.48 μl 100 mM GTP (6 mM final concentration)
- 1 μl 6 mM charge Torula yeast RNA (0.75 mM charge final concentration)
- 1.2 μl 61 μM GFP-K72 (9.2 μM final concentration)
- 0.92 μl MiliQ
Of the master mix, 1.25 μl was added to 0.5 μl 13 g/L Ftsz solution (2.6 g/L final
concentration, 1% labeled with Alexa647) and 0.75 μl MiliQ. Samples were mixed
carefully by pipetting and immediately applied to a glass slide and covered with a
cover slip. Time was kept, with t=0 being the addition of master mix to FtsZ solution.
5.2.4 Imaging
FtsZ (Alex647 labeled) and GFP-K72 were imaged using a spinning disk confocal
microscope (CSU-X1, Yokogawa Electric Corp.) on an Olympus inverted microscope
(IX81). Images were recorded with a temperature controlled EM-CCD camera (iXon3,
Andor) using an exposure time of 1.0 seconds, gain at 3 (GFP-K72) and 128 (Alexa647)
and a piezo-driven 100x (1.3 NA) oil immersion objective. All observations were
conducted at room temperature. Images were taken every 30 seconds unless specified
otherwise. Images were analyzed using ImageJ. Brightness and contrast adjustments
were used to match the intensities of both red and green channels.
5.3 Results and Discussion
The cationic component of our complex coacervates is a protein called GFP-K72, which
is a elastin-like polypeptide (ELP) containing 72 lysine residues, tagged with GFP.30
When mixed close to a 1:1 charge ratio with different polyanions, this protein forms a
colloidal suspension of fluorescent coacervate droplets (Figure 5.3). These structures
show liquid properties characteristic of complex coacervates, including a spherical
morphology due to surface tension and fusion of individual particles. Furthermore,
these structures are sensitive to ionic strength. Complex coacervates composed of
GFP-K72 and ATP dissolve at ~50 mM potassium glutamate while coacervates of
GFP-K72 and RNA can survive up to 180 mM potassium glutamate (Figure 5.4). We
decided to focus on GFP-K72/RNA coacervates as these are stable under moderate
ionic strength conditions. In addition, RNA is a very relevant prebiotic molecule1,31,32
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Figure 5.3: Complex coacervates with different anions. The polycationic component GFP-
K72 protein (top left) and polyanions that form complex coacervates with GFP-K72 (lower
left). Micrograph of complex coacervates composed of GFP-K72 and Torula yeast RNA
(right).
and is also a major constituent of many non-membrane bound organelles,33 which
strongly resemble complex coacervates and show similar viscoelastic properties.34
We studied the effects of FtsZ on complex coacervates in the presence of GTP and
magnesium ions, which are required for the formation of FtsZ protofilaments. Upon
addition of FtsZ, we observe strong partitioning of FtsZ into the coacervates phase
with a partition coefficient of ~12. FtsZ protofilaments form large bundles in the
coacervates phase within a few minutes (Figure 5.5). These bundles show dynamic
behavior in the coacervates phase, including formation, branching and dissolution. As
FtsZ converts GTP to GDP over time, FtsZ bundles decrease in thickness and strongly
increase in numbers. Eventually, FtsZ bundles disappear and FtsZ is homogeneously
distributed over the coacervate phase.
FtsZ bundles are able to strongly deform the shape of coacervates from their usual
spherical morphology. Furthermore, the interface of the coacervates shows invagi-
nations and an highly irregular surface (Figure 5.6). Distinct regions appear in the
coacervates that show lower amounts of fluorescence of both GFP-K72 and FtsZ. This
suggests the structure could be in a gel-like state, as such invaginations increase the
surface are of the coacervate greatly. In fluid coacervates, the ratio of surface to
volume is minimzed by coalescence and the adoption of a smooth, spherical morphol-
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Figure 5.4: Phase diagram of coacervate formation from GFP-K72 and Torula yeast RNA
in the presence of different salt concentrations and 10 mM HEPES pH 8.0.
ogy. However, with time the majority of GTP is converted to GDP, which causes the
protofilaments to depolymerize and the bundles to fall apart. The complex coacer-
vates subsequently regain their smooth, spherical morphology, indicating they have
returned to a liquid state.
Complex coacervates exhibited markedly different behavior when we increased the
FtsZ concentration to 0.6 g/L or higher. Figure 5.7 shows how coacervates with an
initial irregular morphology rapidly expanded after approximately 25 minutes, leading
the coacervate to fragment into multiple small coacervates. Interestingly, all coacer-
vates undergo this fragmentation event at the same time point. The collapse of FtsZ
protofilaments is reported to be a sudden event and related to a critical GDP/GTP
ratio.35 Therefore, we postulate that the fragmentation event is induced by the sudden
collapse of the bundle network inside the coacervate phase. This would also explain the
fact that complex coacervates seem to regain the spherical morphology immediately
after fragmentation.
Control experiments were performed where an equal amount of GDP was added
instead of GTP. This experiment showed FtsZ still partitions very strongly into the
coacervate phase. Partitioning of FtsZ into coacervates in the presence of GDP re-
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Figure 5.5: Overlay of green channel (GFP-K72) and red channel (FtsZ) showing FtsZ
bundles inside coacervates. Image capture started a few minutes after addition of FtsZ. FtsZ
bundles change morphology significantly over time. Initially, bundles are thick and long.
Over time, bundles branch and decrease significantly in thickness. Image are zoom of region
indicated by the black box.
sulted in coacervates that do not show any bundle formation, shape deformations or
fragmentation (Figure 5.8A-B). However, the coacervates are not completely homoge-
neous, indicating that there might be an interaction between FtsZ and the coacervate
components. The absence of internal structure and deformation of the smooth mor-
phology does indicate that protofilament formation of FtsZ by GTP is necessary for
coacervate fragmentation. We also performed control experiments with GppCp, a
non-hydrolyzable GTP analog (Figure 5.8C-D). As GppCp is non-hydrolyzable, it
should lead to the formation of a bundle network of FtsZ similar to that induced
by GTP. However, as GppCp is non-hydrolyzable, these bundles should not show
dynamic behavior and should show no depolymerization. Indeed, irregular complex
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Figure 5.6: Adding FtsZ to a final concentration of 0.3 g/L, large invaginations and spots
of low fluorescence appear in the coacervate. As FtsZ bundles fall apart, the coacervate
regains it smooth morphology.
coacervates were formed immediately after GppCp addition, but the structures did
not change over time even when incubated for 74 minutes. They neither returned to
their smooth, homogeneous morphology nor did they show fragmentation into multiple
complex coacervates.
It is clear that the fragmentation of complex coacervates in our system requires
GTP hydrolysis and subsequent disassembly of bundles and protofilaments. This is
further supported by the fact that fragmentation does not occur immediately after
FtsZ addition, but only after a certain amount of time that correlates with FtsZ
concentrations. We therefore hypothesize that fragmentation of the coacervates is
induced by the following mechanism (Figure 5.9):
Upon addition, FtsZ partitions strongly into the coacervate phase, leading to FtsZ
concentrations of ~14 g/L in the coacervate. Subsequently, protofilaments and bundles
of FtsZ are formed in the coacervate phase. As the FtsZ concentration is very high,
the bundle matrix causes the coacervate droplet to take on a gel-like structure, causing
the irregular surface and invaginations we observe. When bundles and protofilaments
start to depolymerize, the FtsZ partially partitions out of the coacervate phase and
the coacervate regains its fluidity. When this fluidity is regained, the structure can
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Figure 5.7: After the addition of 1.2 g/L of FtsZ, coacervates again show a morphol-
ogy with irregular surface and regions of low fluorescence inside the coacervate phase. At
~360s, the protocells strongly expand, the low fluorescence regions fuse and the structure is
fragmented in multiple separate coacervates. This event take place simultaneously for all
coacervates.
nucleate into discrete, smaller coacervates. This fragmentation yields multiple smaller
coacervate droplets from an original larger droplet.
Supramolecular amino acid bases hydrogel formation has been used to mimic cy-
toskeletal elements in protocells.36,37 However, true synthetic analogs of cytoskeletal
elements are lacking so far. Cytoskeletal elements such as actin and microtubuli have
been studied quite extensively in vesicular systems, and have been shown to cause
deformation of lipid vesicles.38,39 However, reconstitution of the division machinery of
living cells to achieve protocell division has not been shown so far.
There are examples in biology of organisms that employ a division strategy which
results in the generation of multiple daughter cells. Many protists, such as the proto-
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Figure 5.8: The addition of GDP yields no discernable bundles or coacervate de-
formation, straight after addition (A) or after 74 minutes (B). Addition of the non-
hydrolyzable GTP analog GppCp results in the same gel-like coacervates (C) that are
observed with GTP. However, these coacervates are not dynamic, after 74 minutes
coacervate morphology is unaltered (D).
zoan Blastocystis hominis,40 divide by a process called multiple fission.41 In multiple
fission, the nucleus is replicated by mitosis several times to yield multiple nuclei within
one cell. The cell then divides into multiple smaller daughter cells in a single division
event.
5.4 Conclusions
The construction of an artificial cell is a major scientific challenge. A large number
of parameters and functionalities have to be taken into account in eperimental ef-
forts to synthesize artifical life. Protocellular systems are widely used to mimic and
study aspects of living cells in order to understand specific cellular behavior and the
interactions between different functionalities. Most compartment structures of these
protocellular systems are based on vesicles composed of amphiphiles.1,4 These struc-
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Figure 5.9: Proposed mechanism for complex coacervate fragmentation. The for-
mation of a FtsZ gel-like network stresses the coacervate. After FtsZ protofilaments
depolymerize, the coacervate regains its fluidity and renucleates to form smaller, dis-
crete protocells.
tures have been shown to support growth and division, allow for the duplication of
genetic material and support the transcription/translation processes present in living
cells.6,7,9
Complex coacervate protocells are an alternative protocell model and have several
advantages over vesicles as a protocellular system. Division or fragmentation of these
structures is a major challenge, as complex coacervates are continuous liquid structures
of low surface tension that coalesce readily. We studied the effects of active matter on
complex coacervates. We studied a cytoskeletal element as these are heavily involved in
cellular morphology and division in modern biology. Moreover, cytoskeletal structures
form dissipative systems and require a constant supply of energy (GTP in the case of
FtsZ) to sustain their supramolecular structure.
We show that complex coacervate protocells can be fragmented into multiple pro-
tocells by using the unique properties of FtsZ. The cytoskeletal element partitions
strongly into the coacervate phase and forms a large network of bundles inside the
coacervate when supplied with GTP. When GTP is consumed, a sudden collapse of
the gel-like FtsZ network leads to renucleation of liquid coacervate droplets and yields
multiple smaller discrete protocell droplets from a single large coacervate. The ad-
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dition of FtsZ therefore leads to the fragmentation of complex coacervate protocells,
yielding multiple smaller daughter protocells. Concluding, our results provide a first
step toward chemically controlled complex coacervate protocell metamorphosis and
fragmentation, using a minimal set of components.
5.5 Acknowledgements
Esra te Brinke is very kindly acknowledged for the extensive collaboration and discus-
sions. Prof. dr. Germán Rivas is kindly acknowledged for his donation of purified FtsZ
protein. Dr. Diego Pesce and prof. dr. Andreas Herrmann are acknowledged for their
donation of purified GFP-K72, GFP-K36 and the pET-25b(+)-GFP-K72 plasmid.
References
[1] J. W. Szostak, D. P. Bartel, and P. L. Luisi. “Synthesizing life”. In: Nature 409.6818
(2001), pp. 387–390.
[2] S. Rasmussen et al. “Transitions from nonliving to living matter”. In: Science 303.5660
(2004), pp. 963–965.
[3] S. Rasmussen et al. Introduction. Protocells: Bridging Nonliving and Living Matter.
2009.
[4] J. P. Schrum, T. F. Zhu, and J. W. Szostak. “The origins of cellular life”. In: Cold
Spring Harbor perspectives in biology 2.9 (2010), a002212.
[5] G. Nicolis, I. Prigogine, et al. Self-organization in nonequilibrium systems. Vol. 191977.
Wiley, New York, 1977.
[6] V. Noireaux and A. Libchaber. “A vesicle bioreactor as a step toward an artificial cell
assembly”. In: Proceedings of the national academy of sciences of the United States of
America 101.51 (2004), pp. 17669–17674.
[7] S. S. Mansy et al. “Template-directed synthesis of a genetic polymer in a model pro-
tocell”. In: Nature 454.7200 (2008), pp. 122–125.
[8] T. Z. Jia et al. “Oligoarginine peptides slow strand annealing and assist non-enzymatic
RNA replication”. In: Nature Chemistry (2016).
[9] T. F. Zhu and J. W. Szostak. “Coupled growth and division of model protocell mem-
branes”. In: Journal of the American Chemical Society 131.15 (2009), pp. 5705–5713.
[10] B. M. Discher et al. “Polymersomes: tough vesicles made from diblock copolymers”.
In: Science 284.5417 (1999), pp. 1143–1146.
[11] M. M. Hanczyc, S. M. Fujikawa, and J. W. Szostak. “Experimental models of primi-
tive cellular compartments: encapsulation, growth, and division”. In: Science 302.5645
(2003), pp. 618–622.
[12] U. J. Meierhenrich et al. “On the origin of primitive cells: from nutrient intake to
elongation of encapsulated nucleotides”. In: Angewandte Chemie International Edition
49.22 (2010), pp. 3738–3750.
122 References
[13] J. Van der Gucht et al. “Polyelectrolyte complexes: bulk phases and colloidal systems”.
In: Journal of colloid and interface science 361.2 (2011), pp. 407–422.
[14] A. I. Oparin. “The origin of life on the earth.” In: The origin of life on the Earth. 3rd
Ed (1957).
[15] A. Oparin. “A hypothetic scheme for evolution of probionts”. In: Origins of life 5.1-2
(1974), pp. 223–226.
[16] S. Koga et al. “Peptide–nucleotide microdroplets as a step towards a membrane-free
protocell model”. In: Nature chemistry 3.9 (2011), pp. 720–724.
[17] M. Li et al. “Synthetic cellularity based on non-lipid micro-compartments and protocell
models”. In: Current opinion in chemical biology 22 (2014), pp. 1–11.
[18] E. Spruijt. “Strength, Structure and Stability of Polyelectrolyte Complex Coacervate”.
In: Ph. D. Thesis (2012).
[19] J. Xia et al. “Complexation of trypsin and alcohol dehydrogenase with poly (dial-
lyldimethylammonium chloride)”. In: Biopolymers 41.4 (1997), pp. 359–365.
[20] Y. Xu et al. “Protein purification by polyelectrolyte coacervation: influence of protein
charge anisotropy on selectivity”. In: Biomacromolecules 12.5 (2011), pp. 1512–1522.
[21] E. Spruijt, M. A. Cohen Stuart, and J. van der Gucht. “Linear viscoelasticity of poly-
electrolyte complex coacervates”. In: Macromolecules 46.4 (2013), pp. 1633–1641.
[22] J. Crosby et al. “Stabilization and enhanced reactivity of actinorhodin polyketide
synthase minimal complex in polymer–nucleotide coacervate droplets”. In: Chemical
Communications 48.97 (2012), pp. 11832–11834.
[23] W. M. Aumiller Jr and C. D. Keating. “Phosphorylation-mediated RNA/peptide com-
plex coacervation as a model for intracellular liquid organelles”. In: Nature chemistry
8.2 (2016), pp. 129–137.
[24] E. Spruijt et al. “Interfacial tension between a complex coacervate phase and its co-
existing aqueous phase”. In: Soft Matter 6.1 (2010), pp. 172–178.
[25] J. Lutkenhaus and and S. Addinall. “Bacterial cell division and the Z ring”. In: Annual
review of biochemistry 66.1 (1997), pp. 93–116.
[26] G. Rivas, J. A. Fernández, and A. P. Minton. “Direct observation of the enhancement
of noncooperative protein self-assembly by macromolecular crowding: indefinite linear
self-association of bacterial cell division protein FtsZ”. In: Proceedings of the National
Academy of Sciences 98.6 (2001), pp. 3150–3155.
[27] J. M. González et al. “Essential cell division protein FtsZ assembles into one monomer-
thick ribbons under conditions resembling the crowded intracellular environment”. In:
Journal of Biological Chemistry 278.39 (2003), pp. 37664–37671.
References 123
[28] S. Mellouli et al. “Self-organization of the bacterial cell-division protein FtsZ in con-
fined environments”. In: Soft Matter 9.44 (2013), pp. 10493–10500.
[29] J. Groen et al. “Associative interactions in crowded solutions of biopolymers counter-
act depletion effects”. In: Journal of the American Chemical Society 137.40 (2015),
pp. 13041–13048.
[30] D. Pesce et al. “Enhancing cellular uptake of GFP via unfolded supercharged protein
tags”. In: Biomaterials 34.17 (2013), pp. 4360–4367.
[31] W. Gilbert. “Origin of life: The RNA world”. In: Nature 319.6055 (1986).
[32] M. W. Powner, B. Gerland, and J. D. Sutherland. “Synthesis of activated pyrimi-
dine ribonucleotides in prebiotically plausible conditions”. In: Nature 459.7244 (2009),
pp. 239–242.
[33] S. C. Weber and C. P. Brangwynne. “Getting RNA and protein in phase”. In: Cell
149.6 (2012), pp. 1188–1191.
[34] S. Elbaum-Garfinkle et al. “The disordered P granule protein LAF-1 drives phase
separation into droplets with tunable viscosity and dynamics”. In: Proceedings of the
National Academy of Sciences 112.23 (2015), pp. 7189–7194.
[35] E. Small and S. G. Addinall. “Dynamic FtsZ polymerization is sensitive to the GTP to
GDP ratio and can be maintained at steady state using a GTP-regeneration system”.
In: Microbiology 149.8 (2003), pp. 2235–2242.
[36] R. Krishna Kumar et al. “Cytoskeletal-like Supramolecular Assembly and Nanoparticle-
Based Motors in a Model Protocell”. In: Angewandte Chemie International Edition
50.40 (2011), pp. 9343–9347.
[37] R. K. Kumar et al. “Artificial Cytoskeletal Structures Within Enzymatically Active
Bio-inorganic Protocells”. In: Small 9.3 (2013), pp. 357–362.
[38] H. Miyata and H. Hotani. “Morphological changes in liposomes caused by polymeriza-
tion of encapsulated actin and spontaneous formation of actin bundles”. In: Proceedings
of the National Academy of Sciences 89.23 (1992), pp. 11547–11551.
[39] T. Kaneko, T. J. Itoh, and H. Hotani. “Morphological transformation of liposomes
caused by assembly of encapsulated tubulin and determination of shape by microtubule-
associated proteins (MAPs)”. In: Journal of molecular biology 284.5 (1998), pp. 1671–
1681.
[40] K. Suresh et al. “Ultrastructural changes during in vitro encystment ofBlastocystis
hominis”. In: Parasitology research 80.4 (1994), pp. 327–335.
[41] I. Šetlík and V. Zachleder. “The multiple fission cell reproductive patterns in algae”.
In: The Microbial Cell Cycle. CRC Press, Boca Raton (USA) (1984), pp. 253–279.

Chapter 6
Conclusions and Perspective
6.1 Macromolecular crowding
A striking feature of all living cells is that the cytosolic environment is extremely
crowded, reaching concentration up to 300-400 g/L in E. coli.1 The crowded nature
of the cytosol can theoretically give rise to strongly increased activity coefficients,2
altered reaction kinetics,3–5 excluded volume effects6,7 and depletion forces.8 While
theoretical studies on macromolecular crowding have made great advancements, thor-
ough experimental studies have proven technically difficult. The major challenge is to
capture the complexity and crowded nature of the cytosolic environment, which con-
tains numerous molecules of different sizes, concentrations and shapes, in a faithful
way whilst still being able to study it systematically and perform control experiments.9
Most experimental studies on crowding have resorted to the use of highly soluble,
synthetic polymers to occupy reaction volume and simulate the crowded environment
of the cell. These studies have often yielded conflicting results, an example being stud-
ies on protein stability where different experiments have predicted stabilization,101112
destabilization,1314 and mixed effects15–17 of the crowded environment. A long standing
question has been whether these solutions containing synthetic polymers such as PEG,
Ficoll and dextran faithfully mimic the cytosolic environment or not. The Pielak group
has made great progress in this area by comparing the effects of synthetic crowding
agents and protein-based crowding agents on protein stability.16–18 In addition, they
have studied protein stability in reconstituted lysate19 and in cell20–22 and have found
that chemical interactions (hydrogen bonds, electrostatic interactions, hydrophobic
effects) between crowding agents and probe species strongly influence protein stability
and can counteract depletion forces generated by the crowded environment. These
findings confirm predictions9 and simulations15 by the Elcock group, who were the
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first to suggest that chemical interactions could potentially interfere with excluded
volume effects.
In this thesis, we utilized a FRET probe to study depletion forces in different
crowded media with great accuracy, as FRET is an extremely sensitive method. Two
studies of such probes in cell have yielded conflicting results, with one claiming no
measurable compaction of the FRET probe in crowded solutions compared to dilute
solutions,23 and the other claiming a strong compaction of the probe in cell com-
pare to dilute. We studied a very sensitive FRET probe in vitro and in cell, built
a mathematical model and conclude that, for our FRET probe, depletion forces and
associative interactions balance to yield no net effect of the crowded environment on
FRET efficiency. However, as different FRET probes can have a different propensity
for interactions with the crowded background, drawing general conclusions from these
results is unwarranted.
This illustrates that extrapolation of experimental findings to generate general
conclusions on effects of macromolecular crowding on macromolecular interactions
is impossible. Whereas for one molecule associative interactions can dominate over
steric effects, another molecule might have low interaction potential with the crowded
background and be subject to large depletion forces.
Therefore, to determine the effects of a crowded environment on a molecule of
interest, it should not be studied in another crowded environment and neither should
another system be studied in the native environment of the molecule. The molecule
of interest should preferably be studied in its own native environment to determine
the balance of associative and depletion interactions accurately.
This especially applies to the study of complex reaction cascades such as tran-
scription and translation, as all macromolecules involved have there own balance of
interactions with the crowded background. Multiple studies using synthetic crowders
have been performed and have resulted in conflicting conclusions.24–27 Whereas a pre-
vious study found a significant rate enhancement of transcription in an environment
strongly crowded by PEG and lysate at high ionic strength,25 in the study reported
in this thesis we found that macromolecular crowding by synthetic polymers at con-
centrations comparable to the crowded conditions inside the cell does not promote
transcription or translation significantly. In our system, transcription and transla-
tion seem to tolerate biological crowding agents such as BSA and lysate to higher
concentrations, possibly due to associative interactions of the protein crowders with
molecules involved in IVTT. The study of gene expression in true cytosolic analogs is
severely complicated by the fact that the molecules involved in the reaction, such as
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ribosomes, form a major part of the crowded environment. Therefore, an approach
would be to study small parts of the reaction cascade in isolation by depleting the
crowding agent of the involved molecules. That way the macromolecular concentra-
tion of the crowded environment can be varied but the molecules involved in the
specific reaction being studied remain at a constant concentration. Such an approach
would allow the distinction between effects of the crowded environment and effects of
changes in concentration of molecules that are actively involved in the reaction.
6.2 Complex coacervates
As all living cells contain solutions crowded with macromolecules, the origin of this
crowded aspect of life is an interesting problem. Simplified cellular systems, proto-
cells, have been constructed to study the origin of life and possible routes to syn-
thesizing living systems in laboratory (artificial life). Protocells based on vesicular
structures composed of amphiphilic molecules have been studied extensively.28–31 Pro-
tocells based on vesicles have been shown to sustain growth and division32,33 and to
support non-enzymatic RNA replication34 and cell-free gene expression in the vesicle
lumen.35 However, this protocell model does not explain the crowded nature of living
systems.
Another system that has been studied extensively since Oparin and coworkers36–38
is complex coacervate protocells. Recently, the group of Stephen Mann has revived
interest in these systems.39–42 Complex coacervates form a dense, viscoelastic fluid by
associative phase separation.43,44 Oppositely charged polyelectrolytes form complexes
that lead to macroscopic phase separation, driven by the release of counterions from the
polyions. The colloidal particles formed by this phase separation are termed complex
coacervates.45–47 These structures have a water content of 50-80%, which means the
phase is extremely crowded.
These structures have been shown to support interesting chemistry, such as enzy-
matic pathways,48 selective partitioning and photodegradation,41 and morphogenesis.42
However, unlike vesicle protocells, no plausible mechanism for division of these sys-
tems has been proposed. We discovered that the E. coli cytoskeletal element FtsZ can
partition strongly into the complex coacervate phase and form thick protofilament
bundles when complexed with GTP. These bundles form a gel-like network that is
able to deform the coacervate phase significantly. After GTP is hydrolyzed to GDP,
the bundle matrix dissolves and complex coacervates fragment to form multiple daugh-
ter protocells. Although we show chemical control over this fragmentation, there is
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a definite need for more controlled, binary division of these structures. As FtsZ is a
complex protein with a unique functionality, an important step would be the synthesis
of more simple synthetic analogs of cytoskeletal elements.
Besides being an interesting model system for protocells, complex coacervates
strongly resemble membraneless organelles.49–53 However the RNA and peptide com-
plexes comprising membraneless organelles can be stabilized by a number of different
inter- and intramolecular interactions54 (hydrogen bonding, cation-π, hydrophobic ef-
fects), while complex coacervates rely mainly on electrostatic interactions. Therefore,
the stability of these phase-separated structures can be tuned by the nature of their in-
teractions: e.g. an increased reliance on electrostatic interactions for phase separation
increases the salt sensitivity of the membraneless organelle.
Membraneless organelles are involved in a number of pathways, from ribosome
synthesis (nucleoli)51 to breaking the symmetry in a developing C. elegans embryo.55
These phase-separated structures show very dynamic behavior, including fusion, wet-
ting, dissolution and spontaneous formation. We introduced dynamic formation and
dissolution of complex coacervates by coupling to a CSTR with an oscillating pepti-
dase output. This oscillating output, which can degrade the cationic component of
our coacervate system, resulted in inverse oscillations of coacervate formation. In the
future, constructing reaction-diffusion systems generating similar oscillations could be
a first step towards mimicking the asymmetric distribution of P-granules in C. elegans.
Recently, enzymatic phosphorylation and dephosphorylation of a complex coacervate
cation was shown to lead to reversible coacervate dissolution.56 Similar mechanisms
could control the dynamics of membraneless organelles in vitro and regulate the ac-
tivity of the processes taking place inside these micro-environments.
Currently, liquid-liquid phase separation of oligopeptides is a relatively unexplored
area. The rational design and synthesis of oligopeptides that form these phase-
separated structures is not only an interesting topic for materials science, but is an
important step in understanding the spontaneous phase transitions in living cells, as
well as their dynamics and function. Moreover, they provide a synthetic approach for
the introduction of tunability and functionality in protocellular container structures.
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Summary
Macromolecular crowding is a physical aspect of the solutions present in all living
cells. In the bacterium E. coli, the cytosolic environment contains 200-300 g/L of
macromolecules, mainly protein and RNA. This crowded environment is vastly dif-
ferent from the dilute conditions often employed in laboratories to study biochemical
processes. As all living cells contain strongly crowded interiors, it is important to
understand the consequences of this environment for the chemistry of life. Chapter
1 features as a broad introduction and describes the crowded environment of the cell
and its implications for cellular chemistry. Moreover, it describes the possible role of
crowded environments for the origin of life and the design of artificial cells.
The effects of the crowded environment inside living cells have been explored theo-
retically for decades. Cells are crowded with biomolecules, but experimental investiga-
tions have mostly used water-soluble polymers to simulate the crowded environment.
In Chapter 2, work is presented that studies the effects of crowding on the central
reaction cascade of biology, transcription of DNA into RNA and subsequent transla-
tion of RNA into functioning protein molecules. By using a cell-free gene expression
system, we are able to study these reactions in vitro in crowded environments. This
allows for extensive control over reaction parameters and provides an opportunity for
systematic study of the effects of crowding on transcription and translation. In this
chapter, we use both synthetic polymers and biopolymers to compare the effects of
these different molecules.
The results described in Chapter 2 illustrate the need for a more direct ap-
proach to investigating the different physical-chemical effects of polymer and biopoly-
mer crowders. Therefore, in Chapter 3, we employ a sensitive probe to directly
measure whether a crowded environment forces a molecule into a more compact con-
formation. By comparing synthetic crowders to protein crowders, we illustrate the
differences between these environments and provide a theoretical model to explain our
observations.
Complex coacervation is a process of phase separation of charged molecules which
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yields liquid droplets with very crowded interiors, called coacervates, dispersed in a
dilute solution. These droplets strongly resemble structures present in modern cells,
called membraneless organelles. These structures are very dynamic and have been
observed to fuse and to form and dissolve spontaneously. In Chapter 4 we design and
synthesize a complex coacervate system that is sensitive to the output of an enzymatic
oscillator, a complex network which puts out an oscillating concentration of active
enzyme. We show that this network is able to support complex coacervation at low
enzyme concentrations and inhibits coacervation at high enzyme concentrations. This
work illustrates that complex reaction networks can directly control phase separation
processes and provides a possible mechanism for the complex behavior of membraneless
organelles that is observed in living cells.
Complex coacervates have also been considered as a protocell model. Protocells
are structures that resemble living cells in certain aspects. To eventually be able to
synthesize artificial cellular analogs, many unique characteristics of cellular life need
to be captured by the protocell. Like living cells, coacervates are dense structures and
can be formed by biopolymers such as protein and RNA. However, protocell division
of these structures has not bee shown so far. In Chapter 5, we use the properties
of a cytoskeletal element to fragment coacervate protocells into multiple daughter
protocells. This is a first step towards controlled division of coacervate structures.
In Chapter 6, the results and conclusions of the preceding chapters are discussed
in the context of the crowding and artificial life fields and an outlook is presented for
future developments on these topics.
Samenvatting
Macromoleculaire crowding is een eigenschap van de vloeistof in alle levende cellen. In
de bacterie E. coli bevat het cytosol 200-300 g/L macromoleculen, voornamelijk eiwit
en RNA. Deze ’crowded’ omgeving verschilt enorm van de verdunde oplossingen die
vaak gebruikt worden in laboratoria om biochemische processen te bestuderen. Maar
crowding heeft belangrijke consequenties voor de chemie die plaatsvindt in levende
cellen en het is daarom belangrijk om de gevolgen van dit fysische aspect van het
leven te begrijpen. Hoofdstuk 1 fungeert als een algemene introductie en bevat
een theoretische omschrijving van macromoleculaire crowding en de rol die het speelt
in cellulaire chemie. Ook komt de rol van crowding in het ontstaan het leven aan
bod, alsmede de pogingen die gedaan worden om artificiële cellen te ontwerpen en
synthetiseren.
De theoretische aspecten van macromoleculaire crowding zijn in de afgelopen de-
cennia uitgebreid onderzocht. Alhoewel crowding in levende cellen wordt veroorzaakt
door de aanwezigheid van grote hoeveelheden biomoleculen heeft experimenteel on-
derzoek naar crowding voornamelijk gebruik gemaakt van synthetische polymeren.
In Hoofdstuk 2 staat werk beschreven waarin de effecten van crowding worden
bestudeerd op de centrale reactiecascade van het leven: transcriptie van DNA naar
RNA moleculen en de opvolgende translatie van RNA moleculen naar functioneel ei-
wit. Door het gebruik van een cel-vrij expressie systeem kunnen we deze processen in
vitro, buiten de levende cel, bestuderen. Dit geeft grote experimentele controle over de
reactieparameters en maakt het mogelijk om de effecten van crowding op transcriptie
en translatie systematisch te bestuderen. We gebruiken zowel synthetische moleculen
als eiwit en RNA als crowders om the effecten van deze verschillende moleculen te
kunnen vergelijken.
De resultaten die beschreven staan in Hoofdstuk 2 laten zien dat het nodig is
om de effecten van crowding op een meer directe manier te meten. Daarom gebruiken
we in Hoofdstuk 3 een gevoelig fluorescent eiwit om direct te kunnen meten of een
crowded omgeving moleculen dwingt een meer compacte conformatie aan te nemen.
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We beschrijven de verschillen tussen synthetische crowders en biomoleculen door ze
direct te vergelijken en we beschrijven een theoretisch model om onze observaties te
verklaren.
Complexe coacervatie is een vorm van fasescheiding van geladen moleculen die re-
sulteert in een emulsie van vloeibare druppels die erg crowded zijn van binnen. Deze
druppels, coacervaten genaamd, lijken erg op structuren die voorkomen in dierlijke
cellen, namelijk ’niet membraangebonden organellen’. Deze structuren zijn erg dy-
namisch en zijn in staat om te fuseren, spontaan te vormen en spontaan weer op
te lossen. In Hoofdstuk 4 ontwerpen en synthetiseren we een complex coacervaat
systeem dat gevoelig is voor de output van een enzymatische oscillator, een complex
reactienetwerk dat een oscillerende concentratie actief enzym heeft als output. Het
werk beschreven in dit hoofdstuk laat zien dat complexe reactienetwerken direct fas-
escheidingen kunnen beinvloeden en een mogelijke verklaring zijn voor het dynamische
gedrag van ’niet membraangebonden organellen’ dat microscopisch geobserveerd is in
levende cellen.
Complexe coacervaten worden ook gebruikt als modelsysteem voor protocellen.
Protocellen zijn structuren die bepaalde eigenschappen van levende cellen hebben.
Om ooit in staat te zijn artificiële cellen te synthetiseren, moeten de vele unieke eigen-
schappen van levende cellen in protocellen worden aangetoond. Net als levende cellen
bevatten coacervaten een oplossing met erg hoge concentraties macromoleculen. Daar-
naast kunnen complexe coacervaten gevormd worden door biomoleculen als RNA en
eiwit. De celdeling van protocellen bestaand uit coacervaat in meerde dochtercellen is
nog niet aangetoond. In Hoofdstuk 5 gebruiken we de unieke eigenschappen van het
cytoskelet om coacervaat protocellen te fragmenteren in meerdere dochtercellen. Dit
is een eerste stap naar gecontroleerde deling van coacervaat.
In Hoofdstuk 6 worden de resultaten en conclusies van de voorgaande hoofd-
stukken bediscussieerd met kijk op de bestaande literatuur van crowding en artificiële
cellen. Daarnaast wordt een vooruitblik gegeven op mogelijke toekomstige ontwikke-
lingen van deze gebieden.
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